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SUMMARY
Theoretical and experimental investigations have been carried out on 
injection locked Gunn diodes operating in a microwave cavity at X-band. 
Particular attention has been paid to the behaviour that occurs when the 
injected signal level is of the same order of magnitude as the output power 
of the locked device. The limitations of existing theories of phase-locking 
are discussed, and a theory is presented which, qualitatively at least, 
appears to provide a closer description of observed behaviour.
The development of this theory involved measurements of active diode admit­
tance, and a detailed examination of the equivalent circuits of the diode 
package and of the microwave cavity in which the diode was mounted. During 
the course of this work a simple, but useful, metho'd of evaluating one of the 
key diode package parameters was developed.
The mutual synchronisation of two oscillating diodes has also been 
investigated experimentally, both for diodes mounted in the same microwave 
cavity and for diodes in separate cavities coupled through a mutual admittance. 
In the latter case a theory is presented which shows good agreement with 
small - signal experimental results.
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LIST OF PRINCIPAL SYMBOLS
’t "
Unless otherwise specified locally the symbols used in this thesis have the 
following meanings: *
Z impedance
R resistance
X reactance
Y admittance y
;.f ' ■ ■ • ' '
; G conductance g
B susceptance b
Yq . ■ full height waveguide characteristic admittance
Y " , reduced height waveguide characteristic admittance
Zq waveguide characteristic impedance
P. injected signal power
P ^ output signal power
• Pq free-running diode output power
Q locking Q
-V^ n . ' injected signal voltage ' : .
Vout output signal voltage
Vq free-running diode output voltage
F , f frequency
F , f free-running diode frequency
L inductance
C capacitance
D.C. bias voltage
Y k diode threshold voltage
i^erse / Pin •
a gain (= /   )-
/ out
c speed of electromagnetic radiation
X, d length of transmission line, or waveguide
r reflection coefficient
values normalised 
to waveguide
characteristic admittance
n 1 integer
m, k, K constants
y -propagation coefficient
a real part of propagation coefficient
3 imaginary part of propagation'coefficient
<f> phase between locking and locked signal
-0 electrical length of transmission line (=3&)
A free space wavelength
Ag - guide wavelength
(0 angular frequency (= 2irF)
(0q . free-running angular frequency
Subscripts 
d, D diode
p, P package
s, S , step
o initial condition a
in input
out output
L load
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.'introduction ’t
Gunn diodes, like other solid state sources, are inherently relatively 
low power devices. This is due mainly to limitations imposed by heat build­
up within the devices themselves. There is therefore interest in possible 
methods of multi-diode operation to obtain an enhanced power output at a 
single, tunable, frequency. Since the free running frequencies of individual 
'diodes will invariably be different, this means that the devices whose outputs 
are to be combined must be phase locked, either to each other, or to a 
common injected locking signal as in phased array systems.
In the first case diodes can be mounted in series or in parallel in 
the same microwave cavity, and both possibilities have been investigated 
experimentally by other workers [25 - 28]. The main disadvantage of parallel 
operation is that the overall impedance of the combined ’source1 is likely 
to be too low for satisfactory operation in practical cases without excessive 
loss being incurred. In principle r.f. impedance levels can be raised by 
series operation of several devices and series operation has been successfully 
demonstrated [25,28] despite theoretical arguments that a high field domain 
would grow in one diode at the expense of the others, so preventing the 
remaining diodes from ever reaching the threshold for domain formation. On the
' t
other hand there are indications [26,27] that parallel operation, with each 
diode individually biassed, might have implications for logic and switching 
applications. Of particular interest is the behaviour reported by Boronski 
[27] who observed quite high directivities when-monitoring the power outputs 
from both ends of a waveguide cavity in which several devices were mounted 
in parallel. Similar experiments carried out by the present author indicated, 
inter alia, the same kind of behaviour. These preliminary measurements are 
described in Part I of this thesis, (Chapter 1).
> ' 't
It is obvious, however, that the behaviour of such a 
parallel configuration of directly coupled devices is complicated and not 
easily amenable to analysis. Existing theories of phase-locking are essen­
tially based on small signal approximations, and assume that the locking 
signal is injected in such a manner (e.g. via a circulator) that there is no 
feedback to the locking oscillator. Clearly neither of these conditions is 
satisfied by the parallel configuration described above, where the power out- 
puts of the diodes are comparable, and there is mutual interaction between 
them. Even when the requirement is for a common injected locking signal, as 
in the phased array systems mentioned earlier, it may well be that the spread 
of individual.diode free running frequencies is so wide that a relatively 
high injected signal is needed to phase lock them all.
In the second part of this thesis (Chapters 2,3 and 4), therefore, a 
number of existing theories of phase locking are examined in the light of 
detailed experimental measurements on injection locked Gunn diodes operating 
in a microwave cavity at X-band, with particular reference to injected 
signals of the same order of magnitude as the ouput power of the locked 
devices. Complementing this work, Chapter 5 describes the results of a 
theoretical and experimental investigation of the small - signal interaction 
between two oscillating diodes coupled through, a mutual admittance.
In the investigations described in Part II the diode and its mount are 
simply considered as an unspecified cavity containing a microwave oscillator 
whose'power output and frequency vary in some way with load admittance.
During the course of this work it became clear that a close study of the 
diode itself was necessary, together with a detailed examination of the diode 
package and the microwave cavity containing the diode. These aspects and 
their effect on the locking behaviour are discussed in Part III of the thesis.
2
PART i
PRELIMINARY MEASUREMENTS
3
CHAPTER 1 PRELIMINARY MEASUREMENTS '
The preliminary investigations on the parallel operation of 
CGunn diodes were carried out by mounting packaged diodes a fixed 
distance apart (usually a few centimetres) in reduced height X-band wave­
guide as shown in figure 1.1. The detailed design of the mount was similar 
to the single diode mount shown in figure 6.1 and discussed fully in Chapter 
6.
■ ' ■■ 
v ■ ' : ■. ' • ' . . ' '
Power Output
 (P )
outl
to external circuit
diode 1 diode 2
(bias Vfil) (bias Vb2)
Power Output
(Pout2) 
to external circuit
Figure 1.1 Double-diode Waveguide Mount
A D.C. bias voltage could be applied to each diode separately. The 
.mount could either function as a two port device, as shown in figure 1.1, or 
a short circuit could be inserted at either end to form a one port cavity. 
As_a.Jkwo port device it was mechanically completely symmetrical, except of
course for the packaged diodes themselves. The diodes are identified by
1 ‘ ' *
subscripts 1 and 2.
1.1 Directivity Experiments
The first experiments were carried out using the mount as a two port 
device. Pairs of diodes were especially fabricated and packaged by" Standard .
4
Telecommunications Laboratory to be as physically similar as possible.
Each pair of diodes was inserted in the mount and measurements of power
output from each port were made as a function of the D.C. bias voltages on
each diode. The frequencies of operation of the system were also measured.
In practice the D.C. bias on one diode was varied using the bias on the
second diode as a parameter and increasing this by stages. The experimental
measurement system is shown in figure 1.2.
Typical results obtained using this system are shown in figures 1.3
(a-c). In this case the diode separation was 4.86 cm. Figure 1.3a shows
the variation of frequency, power output from port 1 (P^), and power output
franport 2 (P^), as a function of D.C. bias voltage on diode .1, with diode
2 at zero bias. In figure 1.3b the bias voltage on diode 2 has been increased
to 6 volts, and in figure 1.3c to 12 volts. The threshold for oscillation
for both diodes (Vjn ) ,was about 4 volts.th
Three distinct modes of operation of this system can be identified.
These are described below. Reference should be made to figure 1.1-
Mode A Diode 2 below threshold (V„_ < V , „)  ___________ •   B2 thz
With reference to figure 1.3a it can be seen that when = 0
power/bias voltage curves for P^ and P^ have a similar form, although P^ is
greater than P^. In addition a single high frequency of 11.3 GHz was obtained
which was virtually independent of bias voltage V . When the situation was
B1
reversed, i.e. V = 0 and V „ varied above threshold, then similar behaviour B± BZ
was found, with however the differences that P^ was then greater
than P^ and the frequency obtained was slightly different (in this case
11.5 GHz). The power behaviour can be explained qualitatively as follows:
, t
When, for example, diode 2 is below threshold it presents an additional, 
resistive, load to diode 1. Referring to figure 1.1, a proportion of the
1.2
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power transmitted by diode 1 to the right will be dissipated in diode 2 and
hence the externally measured value of will be less than P^. On occasions
in fact it was found that = 0 i.e. all transmitted power was being
absorbed. If n6w?VB1 = 0 and V  ^varied, P^ > 'p^ as would be expected.
This.can be seen in figure 1.3b, for V„_ .< V., . and V' = 6  volts, andB1 thl B2
figure 1.3c for VD1 < V and V _ = 12 volts. The slight but significant dif- B1 thl BZ
ference in frequency obtained when the diodes are operating separately and the 
independence of these frequencies with bias voltage suggests these fre­
quencies are determined mainly by the resonant circuit of each package, 
rather than the effects of the other diode or the diode mount.
Further evidence to support this theory was obtained, as will be 
described later, by inserting the same pair of diodes into mounts with
different diode spacings - it was found the individual frequencies due to
/
each diode oscillating separately remained unchanged that is 11.3 GHz for 
diode 1 and 11.5 GHz for diode 2.
Mode B Both diodes operating < Vni < ~ ^  Vth1 ^
(Vth2 ■< VB2 < ~2?2 Vth2>
This state of affairs is depicted in figure 1.3b for < VB^ <
V _ * lh V , Low power output was observed; the cutput powers from ports tnz
1 and 2 being comparable. A number of different frequencies, harmonics and
mixing products were observed (only the most stable have been plotted) and
it is clear that the diodes were not phase locked. The situation is 
extremely complex and cannot be described qualitatively.
Mode C Both Diodes operating (VI > ~2h V^ , for either diode)
B th
If the bias voltage on either diode was increased beyond the stage 
described in Mode B then a discontinuity was observed in both power output
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and frequency and it was clear that the diodes became phase locked in some 
way. A single frequency was observed which was virtually independent of 
further changes in bias voltage. There was. no evidence of any frequency 
pulling; rather there was a sudden jump in frequency to the locked state. 
The power outputs from ports 1 and 2 were not identical, as can be seen 
from figures 1.3b and 1.3c. In fact, directivities of the order of lOdB or 
more were quite frequently achieved by suitable variation of the diode bias 
voltages. This behaviour however is,perhaps,only to be expected in view of 
the inevitable physical differences in the diodes. In particular the 
individual power outputs of the diodes are likely to differ, the reflection 
coefficients may vary, etc.
Perhaps the most significant feature of this mode of operation is
the frequency at which the diodes lock. In practice this was found to be
very closely related to the physical diode spacing. In particular for a
diode spacing of 4.86 cm the locked frequency was observed to be ~9.3 GHz;
the frequency corresponding to a guide wavelength of 4.86 cm would be 9.00
-GHz. To check this dependence on diode spacing, several different mounts
were made up with different spacings and the same pair of diodes tested in
these mounts. Figure 1.4 shows the relationship between locked frequency
and diode spacing. Also plotted on this graph is the relationship between
frequency and guide wavelength X for comparison. From these graphs the
9
electrical length between the packaged diodes can readily be calculated 
(2Tid./X^ ) ; The variation of this electrical length with frequency is 
depicted as the lower curve in figure 1.7. As can be seen the electrical 
length, decreases with increasing frequency. However the diode package 
parameters effectively increase this electrical length by a greater amount 
at the higher frequencies than at the lower frequencies. This can be seen 
clearly if the package equivalent circuit (which is discussed in detail in
11 ’
U vj
Va m
V
V>
Chapter 7) is assumed to be a symmetrical tt network and is replaced by an 
equivalent length of transmission line as shown in figure 1.5.
O-
C
-o
-o
Figure 1.5 Package Equivalent Circuit
The transformation equations are [243:
wC = - Y tan —
o 2
—  = Y cosec 0)L o
... (1.1) 
... (1.2)
and using typical values L =.0.65 nHf C = 0.13 pF derived in Chapter 
7, 0 and Yq can be derived as functions of frequency (— ■) . These relation­
ships are shown in figure 1.6. Of course the package electrical length 
derived in this manner cannot be directly added to the line length between 
the packaged diodes without first taking into account the difference in 
characteristic admittance of the two "transmission lines". However if this 
is done the electrical distance between the two package diodes can be 
"corrected" for the effect of the diode packages and the result of this 
correction is shown as the upper curve in figure 1.7. It will be seen that 
the electrical length between the active diode chips is now even less 
dependent on frequency over the range considered.
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1.2.' Singl£ Port- Cavity Experiments
1.2.1 Fixed Diode Spacing '
' Experiments were also carried-out. using the double diode mount shown 
in figure 1.1 as a single port oscillator by inserting a short circuit plunger 
at one end. This arrangement is depicted in figure 1.8.
short circuit 
plunger .
d
113 1 ... *1
diode 1 
(bias ,VB1)
diode 2 
(bias Vb2)
Power Output
(P ■ ) -------out
to external circuit
Figure 1.8 Single Port Double Diode Oscillator
Figure 1.9 shows the frequency of this system as a function of the 
distance of the short circuit plunger from diode 1. Both diodes were 
biassed at the same voltages. The separation of the diodes was 4.55 cm. 
Again it was observed that the locked frequency of the system was closely 
related to the separation of the diodes. In addition this frequency showed 
little variation with short circuit position over a wide range. It was 
possible however to cause the diodes to break lock by suitable positioning 
of the short circuit plunger. In this case two separate frequencies 
are observed. Both vary quite rapidly with short circuit position, 
until the diodes again become locked. The pattern repeats at
16
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.intervals of about 2.1 cm, or approximately ~  at the locked frequency. It 
is also interesting to note that the position of the short circuit plunger
which causes the diodes to break lock occurs when the plunger face is approx- 
X '
imately away .from diode 1, indicating the presentation of a large admit­
tance to this diode. Over the range where two frequencies were observed the 
proportion of the total power transmitted at each frequency was measured 
with the aid of a spectrum analyser and these values are also given in figure 
1.9.
The variation of total output power with short-circuit position is 
shown in figure 1.10 for three different values of bias voltage. It will be 
seen that the highest power outputs occur when the diodes are phase locked 
with the maximum occuring just before the diodes break lock. The maximum 
power obtained from either diode when operated by itself in this cavity, with 
the other, diode removed, was about 8 mW at a bias voltage of 12 volts. Hence 
it can be seen that the maximum combined power output, with both diodes 
operating together, approaches the sum of the maximum individual outputs.
The total power output drops substantially when the diodes are oscillating 
separately.
1.2.2 Variable Diode Spacing
The limited tunability of locked frequency which can be achieved by 
variations in the position of the backing short circuit plunger, coupled 
with the strong dependence of the locked frequency on the physical separation 
of the dioues, led the author to consider the feasibility of a double diode 
oscillator in which the separation of the diodes could be varied in some way. 
A cavity was therefore designed in which one of the . diodes was mounted .in a 
moveable carriage, similar to the probe carriage in a slotted line waveguide 
section. For convenience and in view of certain technical difficulties, this
i
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'.cavity was fabricated in full height waveguide (with the diodes mounted on 
posts across the waveguide) rather than the reduced height waveguide used for 
all other experiments. Nevertheless the essential features of double diode 
oscillation in this cavity were the same as those mentioned above for the 
reduced-height waveguide mounts.
0As with the other mounts, the locked frequency of this oscillator 
showed very little variation with backing short circuit plunger position.
Figure 1.11, however, shows how the locked frequency varies with diode sepa­
ration. As can be seen, significant tunability was achieved, the frequency
being continuously variable from 8.0 GHz to 10.4 GHz. Again, the physical 
• nA
separation of the diodes‘at each frequency was very close to - , confirm­
ing the results of earlier experiments on different mounts with fixed spacings. 
The variation of output power with diode separation is shown in figure 1.12. 
Both diodes were biassed at 10 volts and had threshold voltages of about 4 
volts. At each position the output power was maximised by altering the 
backing short circuit plunger position. As before, the maximum total power 
output at any frequency was slightly less than the sum of the maximum outputs 
obtainable from the individual diodes.
1.3 Conclusions
The experimental results obtained on the two port system indicated 
the phenomenon of directivity, whilst the measurements made on the single 
port system demonstrated the feasibility of a practical double diode oscil­
lator tunable over a fairly wide range. However, these qualitative results 
gave no real insight into the locking behaviour of the two diodes in this 
configuration. Clearly the physical separation of the diodes plays an 
important role in determining the final locked frequency of the system and it 
is perhaps intuitively evident that this should be so. However, it was
20
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'equally obvious that before a more quantitative explanation of the effects 
could be attempted, a detailed investigation of both the small and large .. 
signal locking behaviour of a single diode would be necessary and this was 
the basis on which the work described in later chapters was undertaken.
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PART II
* INJECTION LOCKING
The behaviour of an oscillator when a small signal is injected into it 
from an external source has been investigated by many workers [1-16] and a . 
number of theories have been developed. One of the earliest, and perhaps the 
most significant, treatment is that by Adler Cl3 whose theory was based on 
consideration of a simple feedback oscillator. Adler's theory was later 
modified and extended by such authors as Huntoon and Weiss t2l and Paciorek 
[6].. Slater C8] described an approach more appropriate to microwave circuits 
and transmission line theory;'this was later modified by Quine ClOl. In the 
next three chapters, some of these theories are examined in the light of 
experimental results obtained, both in the small signal case and for injected 
signals of the same order of magnitude as the output power of the locked 
oscillator. The last chapter deals with the extension of the Huntoon and 
Weiss theory to describe the small signal mutual synchronisation of two 
oscillators.
24
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CHAPTER 2 ’ LOCKED BANDWIDTH/POWER RELATIONSHIPS 1
Some aspects of the essential behaviour of a locked oscillator can be 
described by the relationship between the locked bandwidth of the oscillator 
(that is the maximum frequency range within which the oscillator will remain 
locked), and the injected signal level (which is usually expressed as a 
fraction of the "undisturbed" output signal, level).
The theories mentioned describe various ways of deriving expressions 
for this relationship. Three of these are discussed in this chapter and 
compared with experimental locked oscillator behaviour.
2.1 The Adler Theory
Adler's theory of phase locking Cl] leads to the following expression 
for the phase <j> between the injected signal and the oscillator output signal.
. ' _ / Po Aw ; - /o i \s m  6 = 2 Q / ——  —  ... (2.1)
Y v P. w
m  o
where w q is the free running angular frequency (=2ttFq)
Aw is the frequency deviation from w
.*P is the output power of the free running oscillator
P^n is the injected signal power
({> is the phase difference between locked and locking signals
Q is defined as the "locking Q" of the oscillator
The theory assumes that the injected or-locking signal power P is suffici­
ently small that it has no significant effect on the output power of the free 
running oscillator P which remains constant over the range of injected 
powers used.
From equation (2.1) it is apparent that, for a given injected power 
level, the maximum frequency deviation occurs when sin <J> = 1 , and is given
25
by
0) /P.
* o / m
• m a x  “ ’ 2Q /  P •** (2,2)o
2Aco
It is useful to consider the locked fractional (normalised) bandwidth
0)o
and from equation (2.2) this is given by
2Aw ■ ■ - ' _ /P. max 1 / m
w " Q/ P ; •-
o * o •
For small injected signal levels therefore, Adler's theory predicts a linear
2Aw
relationship between the locked bandwidth (— 1--- } and the square root of
/p"! \ ^o
the relative locking power -— )
o
For injected locking signals at least 20dB below the power of the free
running oscillator this relationship does in fact hold; typical experimental 
results are shown in figure 2.1. These results were obtained from measurements 
on packaged transferred electron (Gunn) devices mounted in reduced height X-band 
waveguide. The details of the injection locking system and the mount used 
are described fully in Chapters 4 and 6 respectively. The low level signal 
theory has also been verified by a number of other workers, for example,
Hakki [123", Gelbwachs and Mao [133, Judd and Hewitt [143 and Holliday [153.
The more usual way of expressing the relationship (2.3) is to take 
logarithms of both sides as follows:
2Aw . P.
, max _ 1 , 1 _ m  to a \l o g --------- = log —  + —  log -—  ... (2.4)
 ^Q 2 * Po o
This equation is useful as it allows the power term to be expressed directly
in dB's, however it does have two disadvantages; the lack of a zero reference
point and the exaggeration of errors for small coordinate values.
Measurements of locked bandwidth as a function of injected signal
26
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power were m^de on, a number of diodes at different frequencies and Adler's
. . P.
theory was found to hold in general up to values of ~-14 dBs
~ 0.2).; It was clear, however, that for injected signals greater
u
than this the theory was not accurate. This is illustrated in figure 2.2, 
where the solid lines represent Adler's theoretical predictions.
2.2 Paciorek's Extension of Adlet's Theory
Adler's theory is based on the phase/frequency relationship for a 
single tuned circuit:
03 • ■ '
tan 0 = 2Q —---—  ... (2.5)
too
and makes the approximation tan 0 = 0, as well as P << Pq , in deriving
equation (2.1). .
P.
Clearly these approximations do not hold for larger values of ——  and 
- ~ ovJr
Paciorek C63 extended Adler's theory by considering the exact case. Paciorek
again used a simple feedback system as a model, and derived the following
steady state locking equation:
2 Aa) ... (2.6) 
to
This compares with Adler's equation (2.1)
In order to find the maximum value of ^  necessary to
too
differentiate (2.6) with respect to ({> and solve for a maximum. It can be
/ P ~
shown that this occurs when cos <f> = - / — —  and thus
V
2Ao)
max ... (2.7)
0)o
P ^ U & £  2>a. LOCKED BfttSPwiPTti vs
w ere
IBSi^ ::BEEtB
» M<>
E i  IHii
tli-iiui
I X 10
Irff zLrz Jji
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i f f
m+m:
1
-2.V '2-G -2 j ,  - i2 _  -20  -
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Using values of Q obtained from the small signal theory, this equation was
applied to the experimental results shown in figure 2.2, and was found to
* /P P.
be valid for values of / -  0.7* (p^~ ~“£3Bs) . This is shown clearly
' v o  o
in figure 2 .3. s -
U o - S  V) Qjh^ \ o u « , ^ - v w v « c l  v * a  G l c ^ r v \ / ‘^ A C ^  c a - * Y - ^
^ fo -0*0 cldc C^ CS^ eA. cv^ - ‘
2.3 Quine's Transmission Line Model
In the experimental system, the injected signal was introduced by 
means of a circulator as in Chapter '4 (figure 4,2). This system has in fact 
been studied by Quine [10] for the case of a transferred electron oscillator 
operating in the limited space-charge accumulation (LSA) mode. The analysis 
for a diode operating in a domain mode is however essentially the same, with 
only minor changes to the model assumed for the diode.
transmission line of
characteristic
admittance
ideal 
trans former
a. matched
circula
AA
\
Figure 2.4 Quine's Phase-locking Model
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. . Assuming a simple model for the diode and circuit, as shown in figure
2.4, and considering the reflection coefficient at the reference plane AA"*
Quine has shown that the ratio of input (locking) power to output power 
P. . —  -;
(= p— “) is given by
2
a
P . out
2 a sin (f)   K 2Am
1 + 2 a cos <f> + a^ ^o
...' (2.8)
where ^ •
n to C , .
v _ o D (the various parameters are as /0• y . a _ , . •••
Yq shown m  figure 2.4)
If a is small (<0.05) equation (2.8) simplifies to
V\ '
sin <{> = K Aco | _r i . • • (2.10)
0) ‘ a. o 1
which is equivalent to Adler's equation (2.1) with K = 2Q (the numerical
2 2
factor arising from the circuit model chosen), b = P ^ and a. = P. .
r out i in
Quine does hot derive the locked bandwidth but this can be done quite
simply by differentiating (2.8) w.r.t. <{> and solving for a maximum. The
condition for Aw is cos <f> = —~max 2 -
. . 1+a
Substituting this condition in (2.8);
2 Aw _
max 1 a
w Q ti 2\o (1-a )
... (2.11)
that is,
1 / Pin 
0 /  P .
2 Aw
max  
w Q  - P.
o out
(i - p 22-) 
out
If Quine's hypothesis that the incoming synchronous signal sees 
nearly an open circuit, while the output signal sees a matched load, is
32
accepted, thqn ' , .
Pout = Pi n + P o ••• <2-12*
In other words the output power is equal to input power plus the power 
contributed by the oscillating diode. It is unlikely that this hypothesis 
will be strictly physically accurate since some injected signal power will 
be dissipated with the diode and the resonant cavity, nevertheless, as will 
be seen, the assumption allows fairly accurate correspondence between theory 
and experiment. In addition it is assumed that the power contributed by the 
oscillating diode is constant and equal to the free running value Pq . This 
may not of course be true in practice, especially for high input signal 
levels.
Substituting equation (2.12) into (2.11) the fractional locked 
bandwidth is given by *
2 Aw , /P.max 1 / m
w Q / P +P. P.
o v o m  m
That is,
2 Aw , /P. P.max 1 / m  / 1 + m
w Q v P / P
o o o
... (2.13)
Equation (2.13) can be compared with equations (2.7) (Paciorek) and (2.3) 
(Adler) and in fact reduces to the latter as expected when p^n<< PQ *
Figure 2.3 shows the agreement of the three theories discussed, with 
typical experimental results obtained for locking powers P^n approaching 
the free running diode power PQ. Quine's theory s
©P - -3 ol6s \ t Figure 2. 5 shows the agreement of
* re  ^v0 *
theory and experimental results for another diode with a locking Q of about 
the same but a higher frequency. Figure 2.6 depicts results for a third
33
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> diode' operating at approximately the same frequency as the first but with a 
considerably higher locking Q.
The degree of agreement seems therefore to be independent of the
frequency and locking Q of the diodes tested.
2.4 Discussion
The theories of Quine and Paciorek are a considerable improvement on 
Adler's model. It is obvious however that for values of P ^  approaching P^, 
even not a very good approximation for the observed
behaviour. Clearly there are other factors to be taken into consideration.
Considering possible defects in the theory first, one possibility may 
be that the output power pQUt niay not be simply represented by P^ + P^n * that 
is the incoming wave may not see an open circuit. jyxclTW vS
that at high values of P^n the electric field across the diode is
significantly and the power contributed by the diode is no longer P , the
free running power.
The most likely explanation however is that the models for diode and 
circuit are too simple and more attention must be paid to these aspects.
There are also some unexplained phenomena which cannot be described 
by any of the theories so far discussed. For example, when the injected 
• signal is increased to higher levels, the.bandwidth does not always increase 
‘symmetrically on either side of the fiee running oscillator frequency. This 
phenomena is depicted in figure 2.7 for the same diode and frequency as 
figure 2.3. Figure 2.7 can be compared with figures 4.13(a-f) in chapter 4, 
the photographs of power output/locked frequency curves taken for the same 
diode at the same time as the bandwidth measurements.
On other occasions increasing the injected signal caused the locked 
oscillator to jump to a completely different frequency, or cease oscillation
36
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altogether. / ,q?his behaviour is presumably due to the characteristics of the 
active device itself, and again indicates that more attention needs to be 
paid to the device model. It is worth noting however that similar behaviour 
has been observed-when devices have been presented with purely passive load 
admittances. If one accepts the hypothesis that an oscillating diode cannot 
tell the difference between a passive load admittance and an effective 
admittance produced by the combination of a passive load and an injected 
signal, there is no evidence to suggest that the behaviour observed above is 
a phenomena peculiar to injection. .
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CHAPTER 3 PHASE RELATIONSHIPS
3.1 Theoretical Relationships .
In addition to the locked bandwidth/frequency relationships it is 
also instructive to consider the expressions, derived from the theories 
discussed in Chapter 2, for the phase difference between the locked oscil­
lator and the locking signal, and to compare the predicted results in each 
case with those obtained from experimental measurements. Since the work 
described in this chapter was carried out, a theoretical discussion along 
similar lines has also been reported by Michaelides and Stephenson [22].
According to Adler's theory, the phase difference <{> between locked and 
locking oscillator is given by equation (2.1) that is
sin <j) = 2Q
Am
P. W m  o
... (3.1)
Paciorek*s extension of Adler's theory leads to the relationship (equation 
2.6)
sin <{>
2 Aw 
w
1 / Pin
Q /
1 +
... (3.2)
COS (J)
Equation (3.2) can be solved for <f>, giving
. . -1<J> = s m
Aw
m
o
+ sin
-1
2Q
Ato
w
.. (3.3)
From equation (2.8) Quine's theory predicts that:
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and solving equation (3.4). for <{>, the phase difference between locked and 
locking signals is given by
<j) = sin
-1
m
-1out + sin
2 in
out
2 Q
Aoj
/ Aon 2 .. (3.5)
It is interesting to note that both Paciorek and Quine’s theories 
predict that the phase angle between locked and locking signals has two 
components, one of which is completely independent of the injected signal 
level. In other words there is a minimum limit to the phase difference 
obtainable for a given frequency separation.
According to Adler's theory, the phase difference between locked and 
locking oscillator cannot exceed ±90° however both Paciorek and Quine's 
..theories allow for phase differences greater than ± 90°. In particular , for 
the maximum frequency deviation the phase difference given by Quine's theory 
is
•*2 m
cos $ =
out
1 +
P.
m
P . out
= ... (3.6)
as already discussed in Chapter 2, and clearly this lies between ± 90° and
P.
± 180°, dependent upon the value of P
out
For very small values of —
P.
m
out
the-maximum value of <f> tends to ± 90°, in line with the small signal Adler
theory. The value of
P.
m
P . out
is of course related to the maximum frequency
deviation by tfhe equation (2.11), that is
where Q is obtained from the small signal approximation. Equation (3.5) can
be used to predict the change in phase difference with frequency deviation 
■ ■ P. . *
for a given value of —---  . One can also see the effect of keeping the
out P.
frequency deviation constant and increasing —---  from the value just needed
out
to lock the test oscillator.
Both types of measurements were carried out experimentally, and 
compared with large and small signal theories.
3.2 Experimental Measurements
3.2.1 Phase Bridge .
Measurements were carried out using the phase bridge shown in figure 
3.1. The diodes were mounted in reduced height X band waveguide and the 
locking signal injected via a circulator as in previous experiments. The 
input and output powers were measured using power meters A and B and a 
J calibrated directional coupler. The signal from the locking source was split 
by means of a hybrid tee into a locking signal and'a reference signal, as 
shown in the diagram. The output signal from the test oscillator was re- 
• combined with the reference signal using the side arms of another hybrid tee. 
The output from the series a m  of the tee was monitored using a crystal 
detector and a moving coil galvanometer; the reference condition, that is 
when both arms of the bridge were in phase, was found by observing when, the 
crystal detector output was a minimum. (If the signals in the side arms are 
in phase, the signals on the series arm. are 180° out of phase) . The output
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> from the test'^osciliator could be attenuated without change in phase by a 
precision rotary attenuator. In practice the locked signal level was made 
equal to the reference signal level to increase the accuracy of determing a 
minimum in the crystal detector output. Phase differences were measured 
using a calibrated-phase shifter C in the reference arm. The coarse phase 
shifter D was used to enable C to be set at the centre of its calibration 
curve, when both signals were in phase. The signals from both arms could be 
observed independently and their frequencies measured using a Hewlett Packard 
spectrum analyser and a frequency counter. The spectrum analyser was also 
used to determine when the test oscillator was locked to the injected signal.
In operation the test diode was phase locked with w = w and
Pin °
——  <-30 dB. Phase shifter C was set at the centre of its calibration curve
lW
and D adjusted to give a minimum at the crystal detector. Phase differences
, p.
introduced in the "locked" arm by changes in u, ——  , or both could then be
owl'
measured by adjusting phase shifter C to again give a minimum at the crystal 
detector and noting the resultant phase difference introduced into the 
reference arm.
It should be noted however that the two arms of the phase bridge were 
unequal in physical length due to the waveguide connection between the 
circulator and the test mount. This difference in length itself introduced 
a phase difference between the signals in the two arms when the injected 
frequency was varied from the centre value used as a reference. The 
additional phase difference is given by
6 X
6<f> = 2ird — ~
X  Z  •
g ‘ ‘
where d is the extra path length introduced and 61^ the difference between 
the guide wavelengths at the centre frequency and that at the new fre­
quency a). In practice 6cf> was of the order of 5-6 degrees at the maximum
'/frequency/deviation of 20 MHz. The results presented in the next section 
have been corrected for errors due to this effect.
3.2.2 Results '
With the test oscillator locked, measurements of phase difference as
a function of frequency deviation (a) - 03q) were made for different values
of normalised input power (~^). Figure 3.2 shows typical results for 
P. P. out
——  = - 10 dB and ——  = - 20 dB. The experimental results (crosses) are
o ut out
compared with theoretical results predicted by Quine (equation 3.5) (solid
P.
lines). It should be noted that even for —— - = -- 20 dB the maximum phase
out
difference between the locked oscillator and locking signal exceeds 90°.
Figure 3.3 shows theoretical and experimental results measured for a different 
P.
diode at —— . = - 1 dB. Again, the maximum phase difference exceeds 90°;
Ov>t
in fact experimentally it was found to be 148°. On this diagram the small
signal Adler prediction is also plotted; for comparison.
The second set of measurements consisted of locking the test oscillator
for some value of frequency separation, and then measuring the phase differ-
‘ P.
ence caused by increasing the value of ——  from the minimum value necessary
our .
to just lock the test oscillator.
Figure 3.4 shows experimental results for three different values of
frequency separation, and compares these with Quine's theory. Although there
-are some discrepancies, the results do seem to indicate, in agreement with
Quine, that there is a minimum value of phase difference which can be 
' P.
achieved by increasing —— ‘ for some given frequency separation. Again, the
our ' p±n
reference phase difference of zero is taken when w = w and ——  <-30 dB.
° our
Figure 3,5 shows results for another diode, and compares these with both the 
Quine and Adler theories.
It would appear therefore, that, as with the bandwidth/power relation­
ships, one can apply Quine's theory with a reasonable degree of success to
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the experimental phase/frequency and phase/power measurements. Certainly 
the distinctive features appear as predicted. However, as in the case of 
the bandwidth/power relationships, one often finds that phase/frequency plots 
for frequencies on either side of are not symmetrical; and the theories 
so far discussed do not explain this asymmetry.
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CHAPTER 4 POWER OUTPUT/FREQUENCY RELATIONSHIPS FOR A LOCKED OSCILLATOR
The theory of phase locking developed by Huntoon and Weiss [2U is 
particularly useful as. it allows the discussion of certain general features 
of synchronisation without reference to the internal mechanism which accounts 
for it. The theory also describes amplitude behaviour, and it can be con­
veniently extended to allow for the mutual synchronisation of two oscillators 
this latter aspect will be dealt with in the next chapter.
Huntoon and Weiss verified their theory for the case of a low power 
triode oscillator operating at 11.5 MHz; it is the purpose of this chapter 
to extend the theory and verify it for the case of a micrqwave oscillator.
4.1 The Theoretical Model
The performance of any oscillator whose power output and frequency
are continuous functions of the load admittance attached to it can be
specified in terms of a set of "compliance" coefficients. These can be
determined experimentally and describe how the frequency and power output
of the oscillator vary with changes in the load conductance and susceptance.
Figure 4.1 shows an oscillator with free running frequency Fq delivering
power P to a load admittance y . If now a small admittance y(=g+jb) is 
o li
added to the load, the frequency and power output of the oscillator will 
change to new values F and P. The compliance coefficients are then defined 
in terms of these changes, as follows:-
P = IE I P = "IE 1
g 3g 1 y. b 3b y.
... (4.1)
r, 8F I ' -9F I •
Ag 3g ' yu 9b '
(The negative signs appear for reasons of symmetry in later expressions). 
These coefficients, once calculated, can be used to predict the changes in
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waveguide
Oscillator
. output port 
v reference plane
load
admittance
Figure 4.1 Microwave Oscillator
frequency and power output of the oscillator for any given change in the 
load admittance. This can be seen more clearly by expanding P and F in a 
Taylor series about Pq and Fq/ and limiting the expansion to first order 
terms. One obtains
dP
P - P = y , ,o dy 1 y
1 _ f 8P 3g , 3P 3b\ i
l„. - 3b 3?ly
E -  po = (g + jb )(|| -  j | p  |y
3P |
g 9g 'y
That is
P - P = gP - b P..
o  ^ g b
Similarly
F - F = gF - b F
+ b
3P | 
3b 'y
(keeping only real parts as
P - P must be real) 
o
... (4.2)
g b
Equations (4.2) and (4.3) are central to the theory. It is also
... (4.3)
useful to define "complex"compliance coefficients Cp and C^ , such that
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The behaviour of an oscillator under the influence of an injected 
current* or voltage can be described in terms of these compliance coefficients 
if it can be assumed that the injected signal can be represented by a 
fictitious increment in the load admittance, i.e. if one accepts the hypo­
thesis that an oscillating diode cannot distinguish between an actual passive 
load conductance and an effective load conductance produced by the combin­
ation of a passive load and a phase locking source. Huntoon and Weiss
un­
developed their theory using a circuit representation, however in the wave­
guide case it is more instructive to consider a transmission line analogy as
shown in figure 4.2
inOscillator matched
circulatorm
out
I output port 
reference plane
out
Figure 4.2 Transmission Line Representation of Locking System
' ' Vout ^presents the output voltage signal from the oscillator, and
e ^  the input phase-locking voltage. Vq is the output voltage of the
oscillator under conditions of zero injected signal. The phase of V is
out
taken as a reference (arbitrarily zero). The reflection, coefficient r seen
looking towards the matched circulator at the reference plane is given by 
' V. e3*
r = m  . • • -
V . 
out
The input admittance y looking to the right across the reference 
plane is therefore given by
V. e ^
1 —
V
y. = g . + jb. = out
* in m  J m  ------ — —
• V.
m
V
out
- !)
In the absence of the injected signal the oscillator sees a matched load at 
the reference plane and
y. = y^ = 1+jO (normalised to transmission line characteristic
in admittance)
The change or increment y in Y^n due to the injected signal is therefore:
V. e ^  2V. e*^
y = 1 -
i m  m
V , V
out out
■V,e3* V. e3^
1 + -i2-
v V
out out
2V.
——  (cos <j) + j sin <j>)
Thus y = out ______________  and rationalising,
V. ', m  , . . .1+rr—  (cos $ + j s m  (p)
out
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2V. . V. 2 2V.
cos $ + 2(^2.) + j( ^2. sin 4,)
, ' out out out , „y = g + Db =  --------- -   - —     ... (4.6)
n in . / in1 + —  cos 4 + (—  J
' out out
when V. «  V ' , V ^ - V and equation (4.6) simplifies to
m  out out o ■ r
2V. 2V.
in . , . m  .y = -—  cos <f> + 3 -—  s m  <f>
o o
2 V. e ^  . _
or y = —  m  ... (4.7)
i.e. the input phase locking voltage can be replaced with a fictitious 
increment in the load admittance. It should be noted, however, that this 
approach is only valid if the injected signal is small.
The magnitudes of the voltages V and Vq are proportional to the 
square roots of the injected power (p^n) anc^  the "undisturbed" output power 
(P ) of the test oscillator respectively.
Hence from equation (4.7):
y = g + jb = k J  ^ in e ^  ... (4.8)
- P
o
where k is some constant.
From equation (4.4) and (4.8) it can be shown that
/ P . jd> ja
„ v v . „ •/ in e eC .y = (P + tP ) (g + nb) = kC / -—
J9 x q J b J P/ P
o
Taking real parts only and using equation (4.2)
Ap = P - P = kCp/ cos (a+<f>) ... (4.9)
o
Similarly
Af = F - F = kC / cos (3+$) (4.10)o Fv P
o
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4.2 ' Synchronisation Behaviour
Suppose the frequency of the injected signal is F", the "instantaneous" 
frequency of the oscillator is F and its, undisturbed frequency is F .
|r Iz- = F" - F = (F" - F ) - (F - F )2tr dt o o
If (F^- F) is sufficiently small and the oscillator follows the admittance 
changes given by equation (4.10) then
^  I  = F ' - Fo kCF / T ^  cos (e+*> ••• (4-U >
Equation (4.11) is the sychronisation equation, similar to that derived by
Huntoon and Weiss [2] and equivalent to that derived by Adler [l].
In particular, when the oscillator is locked to the injected signal,
1 dd> \
tt~ = ^ 0  and F = F . Hence •2tt dt '
/ T ~
(E - F ) = Af = kC /  ^2- cos • ... (4.12)
o
Equation (4.12) predicts that the locked bandwith -2Afmax is proportional to 
in agreement with other theories.
o
Following Holliday [15] it is useful to define a figure of merit n 
for the oscillator; in this case • . .
2Af 2kC
max F •
" = F = —  ■ v
o o
4.3 Output Power Variations
r It is~obvious that Af and Ap are functionally related through the 
parameter <{>. The nature of this relationship can be clarified by defining
6 " ... (4.13)
p - (oFB)
and eliminating a and 3 from equations (4.9) and (4.10). The resulting 
equations can be written in terms of dimensionless variables W and U:
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Elimination of 6 from equations (4.14) and (4.15) leads to the relationship
in output power and injected signal frequency in the locked state.
This theoretical curve can be checked experimentally by straight­
forward measurements on a locked oscillator, as described in section 4.4.
Other points of interest to note in passing are that the maximum 
value of Ap is given by
measurements on a packaged diode mounted in reduced height X-band waveguide, 
operating at a frequency of 10.3 GHz. For the purposes of verifying the 
theory, the design of the diode mount and the choice of output port reference
(4.16)
This is the general equation of an ellipse, and measurement of p.(=(a-$))for 
any oscillator gives a theoretical functional relationship between changes
(from equation (4.14))
that is, (Ap ) is proportional to /P.max r r m
In addition, from equation (4.12)
2C
F
2Af
C. *P.
(4.17)
max
P
max
that is, the locked bandwidth is proportional to Ap
max
4.4 Verification of Theory
4.4.1 Experimental Techniques
The model described in sections 4.2 and 4.3 was tested by experimental
'plane are arbitrary, however the actual mount used is depicted in figure 
4.3a; for convenience the reference plane was chosen as shown. The diode 
cavity thus formed was tuned mechanically by means of the backing short 
circuit plunger to give the required centre frequency when the load admit­
tance presented to the reference plane by the external circuit was 1 + jO 
(normalised to the characteristic admittance of the full height waveguide 
i.e. a matched load).
A variable load was provided by a precision rotary attenuator backed 
by a calibrated short circuit plunger as shown in figure 4.3b. The load 
admittances so presented to the reference plane were measured as a function 
of attenuator scale reading and short circuit plunger setting using straight­
forward standing wave measurement techniques. Typical results are shown on 
the admittance diagram in figure 4.4. As can be seen the operating point 
for the diode was not in practice 1 + jO; this was because of the effects of 
the 20 dB directional coupler, included in the system for the measurement of 
diode power output and frequency in later experiments. Figures 4.5 and 4.6
show the variation of normalised load conductance g and susceptance bL L
presented at the reference plane as functions of the attenuator and short 
circuit plunger settings.
The load was then coupled to the diode mount as in figure 4.3c and 
the frequency and power output of the diode measured as a function of short 
circuit plunger position and attenuator settings. The results are shown in 
figures4.7 and 4.8.
By cross-correlating graphs 4.5, 4.6, 4.7 and 4.8 using short circuit 
and attenuator setting as reference points the variations of frequency F 
and power output P of the diode can be expressed as functions of conductance 
g_ (at b = 0) and susceptance b (at g = 1) .. These relationships are shewn
L Ij L Xj .
in figures 4.9 and 4.10. The slopes of these graphs give
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g T < 4  -  °> '• f T <%, "  11 ; I f  (bL -  °> and I  <5L -  1)
L L L L
and using these values the "complex" compliance coefficients for the test
J '
oscillator can be determined (from equations (4.1), (4.4) and (4.5)).
4.4.2 Results for Test Oscillator
From figure 4.9 the compliance coefficient C can be obtained and~F
has the value Cp = 11.2 MHz ; 3 = 45.0°
Similarly from figure 4.10 the compliance coefficient Cp has the value 
Cp = 2.64 mW; a = -6.9°
For the test oscillator therefore from equation (4.13)p = a-3 = -51.9° 
This value of p can be used to derive a theoretical relationship between the 
power output and frequency of the locked oscillator, as described by 
equation (4.16). This theoretical relationship is shown as the solid line 
in figure 4.12. •
Experimental power output/ frequency curves were obtained for the
test oscillator by injecting a signal from an external source through a
circulator as shown in figure 4.11. The experimental results are shown in
figure 4.12 and are compared with the theoretical curve; Two sets of
experimental results were obtained, for input powers corresponding to 
P. P.
——  = 0.01 and ——  = -0.05 respectively,
o o
From equation (4.17) the theoretical bandwidth of synchronisation as
2Af > 2Cp
a function of Ap is given by  -----  = ——  and has a value of 8.5 MHz/
^max Ap C_
max P
mW in this case. This shows reasonable agreement with experimental values
of 7.5 MHz/mW and 9.0 MHz/mW for values of Ap =1.6 mW and 2.0 mV7max
respectively.
As well as taking static measurements, the experimental power output/ 
frequency curve can be displayed on an oscilloscope using a sweep generator
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as injection 'source. Such an arrangement is depicted in figure 4.11 and 
typical curves obtained in this way are shown in figure 4.13(a-f). Figures 
4.14(a-c) show similar results obtained from another diode in the same test 
mount. , ■
4.5 Effects of a Large Injected Signal
The experimental results obtained show that the Huntoon and Weiss 
model provides an adequate description of locking behaviour at low injected 
signal levels. The model however is based on small signal approximations , 
and takes no account of the internal oscillator mechanism. Hence it cannot 
be'oxpected to describe large injected signal behaviour. The theory,is 
discussed again in chapter 5 but it is useful to indicate qualitatively here 
the effects of larger injected signals. Figure 4.13 in particular shows the 
effect on the,shape of the power/locked frequency curve of increasing the 
level of the injected signal. Whilst remaining- an ellipse at low injected 
signal levels the curve becomes increasingly distorted as the injected signal 
level is increased. In addition it is clear that the maximum locked frequency 
deviation does not increase symmetrically on either side of the free running 
frequency, and in this case increases faster for Af positive. Figure 4.14 
shows a similar behaviour.
^Another interesting effect is that in some cases Ap becomes -■
max
sufficiently large that APmax = -P hence it would appear that at this 
point the diode is actually inhibited from oscillation by the presence of 
'the injected signal. This can presumably only be explained in terms of the 
internal diode mechanism.
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CHAPTER 5 MUTUAL SYNCHRONISATION
5.1 The Theoretical Model
The theory.;developed in the previous chapter can be extended fairly 
readily to the small signal case of the mutual interaction of two oscillators. 
Consider two separate oscillators, each with its own load circuit, being 
coupled through a mutual admittance as in figure 5.1.
mutual
admittance
. Oscillator Oscillator
output |port 
reference plane
output ! port 
reference plane
AA' BB"
Figure 5.1 Two Microwave Oscillators Coupled Through Mutual Admittance
-The two systems are identified by subscripts 1 and 2 and are coupled by a 
mutual admittance Y ^ ’ a c U ^  bkaJf
OS is J/otrt%»vvc^  wJro c\ Y^ cit'c&ed then the two systems are
decoupled and act independently. In this case there will be two "undisturbed" 
resonant frequencies afid.F^^. Suppose now that y ^  is altered slightly
to permit coupling between the two systems. System (1) will inject a small 
signal into system (2) and vice versa. If F^Q and F^q are sufficiently 
close, both oscillators will eventually become synchronised at some 
intermediate frequency F. -
Each of the oscillators will react to the injected current it sees 
according to its own characteristics, or compliance coefficients, and each 
injected current can be represented as’ an increment in the load admittance
for that oscillator . A synchronisation equation can he written for each 
oscillator, similar to equation (4.12), that is
Pinl .
F - 'F = Af1 = \ C Fiy  j —  cos ( 3 ^ ^ )  ... (5.1)
10
. • / Pin2
F " F20 Af2 = k2CF 2 /  p' COS (^ 2+(^ 2) ... (5.2)
20
Similarly;
px~ pio - A%  - kicP i / ^ f  002 ■ ••• (5-3>
10
PZ " P20 = AP2 " k2CP2/ F ^ -  COS ‘W  ... (5.4)
20
If the’ coupling can be arranged such that each oscillator is just locked, i.e. 
jF - F^0| and |f - F ^  are maxima, and that F > F > F^q , then
cos (31+^1) = -1 and cos (32+4)2  ^ = +1 ••• (5*5)
Substituting equations (5.5) in (5.3) and (5.4) the following power relation­
ships can be obtained for the case of oscillators which are just locked;
pi - pio = kxcp i / ?  003 (v ei±ir) ••• (5-6)
10
P2 “ P20 = k2CP2/ COS (a2 ' B2> ••• (5'7)
5.2 Verification of Theoretical Model
5.2.1 Experimental Techniques
To verify the above theory, the experimental configuration shown in 
figure 5.2 was used. The two oscillators were coupled by a precision rotary 
attenuator, which was equivalent to the.mutual admittance y  ^ figure 5.1. 
With maximum attenuation the two waveguide circuits are effectively decoupled 
and each oscillator is looking into a matched load. By decreasing the mutual
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•measurement of 
— ^  power output *«a&- 
and frequency
matched
load
matched waveguide 
to
coax transformers
matched . 
load
Oscillator 1 Oscillator 2
20 dB directional 
coupler
20 dB directional 
coupler
AA BBprecision
rotary attenuator
Figure 5.2 Experimental Mutual Synchronisation System
attenuation, signals were injected from left to right of the system and vice 
versa, until the oscillators locked. .The degree of coupling necessary to 
achieve this was of course dependent on the difference in undisturbed 
frequencies of the two oscillators. This difference and the point at which
the oscillators just locked could be determined very accurately by observing
(
both outputs with a spectrum analyser. *
- — Suppose A is that fraction of ?20 coupled into system (1) - (or vice 
versa). If A is zero then the two systems are decoupled. If A is increased 
slightly to a value A^ then the 'injected* signal seen, for example, by 
oscillator (1) will in general have two components:
a) A component at frequency of magnitude (the true injected
- signal from system (2)).
• 2
b) A component at frequency F^ of magnitude A^ representing
the signal transmitted from system (1) into system (2), reflected at 
reference plane BB ^ (reflection coefficient p^) and transmitted back 
into system (1).
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The second component can reasonably be neglected with respect to the
2
first if .P .» P2 and A is small, so that A << Ap2' this was normally
the case in practice. The same argument of^course applies to the signal 
seen by oscillator (2), since the total system is symmetrical. Hence
Pin2 * A P 10 3113 Pi„l = A P 20 • ••• (5‘8)
Since the precision attenuator used in the experiment gave a reading 
in dB's of the power transmitted through it, the direct fraction A could be 
readily calculated.
When the oscillators are just locked, equations (5.1), (5.2), (5.3) 
and (5.4) can therefore be simplified as follows using the relationships 
(5.5) and (5.8);
/ A P20
F - F  = M  ■ " ^ 1/  p -  (5.9)
10
20 2 2 F2v P2Q/ A PF = Af_ = k_C _ / -—  ... (5.10)
fA P20
pi “ Pio = Api = kicP i /  p ~ ■ cos ( V 3i±7T) *** (5‘11)10
P2 " P2 0 = Ap2 = k2CP2/ 5 ^  cos(«2 - B 2) ... (5.12)
The compliance coefficients 3^ etc. were calculated from
measurements on the individual oscillators, using the techniques described 
in Chapter 4. However to simplify the sheer mechanics of drawing and cross- 
correlating the graphs of frequency versus short circuit position, conductance 
versus short circuit position, 'etc. a computer programme, using curve fitting 
and interpolation procedures, was written to do the same job. The computer 
programme (Appendix) provided data from which the compliance curves could be 
drawn directly. It was later extended to calculate the actual coefficients
77
’from the slopes of these curves.
The constants k^ and k^ were calculated from the gain/bandwidth 
curves obtained from each oscillator separately (cf. Equation (4.12); a plot
/p !/ in
of ^fmax against J  ——  gives a slope of kC^ , directly). .
o
Hence from a knowledge of A, p10/~P2o' F10 and F20 the values of F ' 
and P2 could be predicted from equations (5.9)-(5.12), and checked against 
experimental measurements. ■
5.2.2 Comparison of Experimental and Theoretical Results
Table 5A shows results for a mutual attenuation factor of 19dB, and 
indicates good agreement between theory and experiment.
Table 5B shows the compliance coefficients for another pair of diodes 
at a slightly different frequency. In this case measurements were taken for 
a range of values of.mutual attenuation. This was achieved by keeping the 
frequency of one diode (E^q  ^ constant, and altering the other (F^Q) in steps,' 
adjusting the value of mutual attenuation at each step to keep the diodes.in 
the "just .locked" condition. -
Since in this way one diode had to be adjusted over a range of fre­
quencies, it was necessary to take into account the variation of its compliance 
coefficients over this frequency range. Figures 5.3 and 5.4 show this 
variation, which although significant, was not great over the frequency range 
considered.
Figure 5.5 shows the experimental variation of F., . F__ and locked
10 20
frequency F with mutual attenuation. Also plotted is the theoretical variation 
of F. Figure 5.6 depicts the experimental variation of Pjq'Pl#P20'F2 with 
mutual attenuation, together with the theoretical plots of P^ and P2 * It can 
be seen that agreement between theory and experiment is again good at low 
injected signal levels, although theory and experiment diverge as the injected
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signal levels become significant fractions of the diode output power levels.
' ' ' ' .
5.3 Discussion •
Poor agreement between theory and experiment at higher injected signal 
levels is to be expected in view of the following factors. Firstly, the 
theory itself is essentially small-signal; being based on approximations which 
are only valid when the injected signal levels are small compared with the 
diode output powers. Secondly, with particular reference to the experimental 
set up used for the mutual synchronisation experiments, the operating point 
(i.e. the load admittance in the absence of an injected signal) can no longer 
be approximated to a normalised admittance of 1 + jO when the mutual atten­
uation is not near its maximum value. Allied to this is the fact, already 
referred to in section 5.2.1, that account must be taken of signals reflected 
back through the attenuator if the value of A is much greater than zero.
In addition, it will be recalled that compliance coefficients are 
“defined as the slopes of curves of frequency versus conductance; frequency 
versus susceptance, etc. taken at the operating point. In practice however 
these curves are far from linear and can only be accurately represented by 
-this slope over a very narrow range. Hence, for example, for large excursions 
of frequency F from F^, (the value at the operating point) the compliance 
coefficients may not represent the true behaviour of the oscillator with 
varying load. In order to develop a more accurate theory it would at least 
be necessary to define compliance coefficients that represented the actual 
curves much more realistically.
One further effect observed at large injected signal levels was that 
the synchronisation behaviour was not symmetrical for values of F on 
either side of . This is shown in figure 5.7 where the synchronisation 
bandwidth (F2q ** Flo^ 0X1 either side of the fixed frequency F^
IZ': ’■j.lTVtux
mrtwi-fii
mt-n+t
ii
m
against mutual" attenuation. In theory, whilst the synchronisation theory 
developed here cannot explain in physical terms why this happens, it should 
be able to describe the effect. In practice however, it cannot do so because 
the definition 6f-compliance coefficients used assumes that the frequency/ 
load and power/load behaviour is symmetrical on either side of the operating 
point. The.actual curves from which the coefficients are measured show that 
this is in fact seldom the case.
Nevertheless, in conclusion, it‘has been shown that at small injected 
signal levels, mutual synchronisation of two oscillators can be described by 
assuming that each oscillator reacts independently to the injected signal it 
sees.
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PART III
EFFECT OF DIODE, PACKAGE AND CIRCUIT 
PARAMETERS ON INJECTION LOCKING BEHAVIOUR
The theories and experiments discussed in Part II, although leading 
to a number of useful results, take no account of the detailed structure of 
the diode, or of the design of the package and circuit in which the diode 
is mounted. The diode and its mount are simply considered as an unspecified 
cavity containing a microwave oscillator whose power output and frequency 
vary as functions of load admittance. All measurements are referred to 
some reference plane in the output port of the cavity. It is the purpose 
of Chapter 6 to look in detail at the design of the cavity used in'most of 
the locking experiments described and to try to assess any effect this might 
have on the injection locking behaviour. Chapter 7 discusses the effect of 
the diode package, whilst in Chapter 8 the active diode itself is considered.
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CHAPTER6 EFFECT OF WAVEGUIDE MOUNT '
• ' . v -‘t ,
6.1 Design of Waveguide Mount
The waveguide mount used in most of the locking experiments is 
shown in figure 6.1. The reduced waveguide height was'0.0 8 0 " the same 
dimension as the length of the diode package, so that the package terminals 
could be considered to be connected directly across the waveguide. Some 
experiments were carried out using full height waveguide, with diodes 
mounted vertically across the guide at the end of conducting cylindrical 
posts. The essential oscillation behaviour was the same in both cases, 
but the former method was chosen for most of the experimental work in view 
of the difficulty in analysing the combined equivalent circuit of the post 
and the package in the latter case, and in particular of separating the 
post inductance from the admittance of the package. The diodes were mounted 
centrally with respect to the horizontal waveguide dimension and could be 
supplied with D.C. bias voltages through quarter wave chokes. The trans­
mission line equivalent circuit of the mount, in the absence of any diode, 
is shown in figure 6.2 -
1 i
JaA^ IBB '
. -__I _____ _________  I __________ .
To Load
y n . i.i
o
*■8-! ^ —  ..
Figure 6.2 Transmission Line Equivalent Circuit of Diode Mount
I^ AA'
AA‘
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Y " and Y are the characteristic admittances of the reduced and full heicrht 
o o •
waveguide respectively and are related to the respective heights h" and h 
by the relationship:
Yo ' h/ = ' 0.080"
Y h 0.4"
o - , .
The physical step between the two waveguide heights gives rise to a junction,
or step, susceptance Bg. This susceptance can either be calculated from
the theoretical formula for a single asymmetric step [17], or measured
experimentally as in Chapter 7. Both methods were adopted and the results
found to correlate closely. Figure 6.3 shows values of the step susceptance
b (normalised to Y ") for a range of values of guide wavelength X . 
s ° g
6 .2 Mount as Transforming Network
Suppose a load admittance G + jB is presented at the referenceXi L ■ x ■ .
plane BB" in figure 6.2. In practice this will be normalised to the full
height characteristic admittance (Yq). The total load admittance presented
at the package terminals AA" will be yaB>. + (normalised to Y ") .
An AA O
If losses within the cavity are taken into account the admittance 
contributed by the short circuiting plunger will be given by:
, . , „ 1 +   tanh y£ _
<- y + tanh y£-i y 1„ _ Jsc________ * 1 _ sc _____ -
^AA ; 1 + y tanh y£. 1 . .
Jsc 1 1 ---  + tanh yJL
y _  ’ 1
ygc here is the admittance of the short circuit plunger itself and assuming 
a perfect short circuit, ygc is, of course, equal to infinity. Hence
, 1 + tanh a£- tanh
y ==   = ----------------------------------
AA" tanh y ^  tanh aJ^ + tanh j3&1
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If is sm&ll then tanh and in any case tanh = 3 tan ^
so that
^ 1 + ja&^ tan (3il^ *
yAA" = ot£ + j tan 3*. , ... (6.1)
The load admittance presented by an external circuit at BB"' (just to
the right of the step) is (g . + jb ) Y . The total load admittance at the
L L o
step (including the step susceptance) is (normalised to reduced height 
waveguide characteristic admittance):
Y .
(gL + jbLJ vT' + jbs
o
Therefore the load admittance at AA^ looking to the right (normalised to 
the reduced height waveguide characteristic admittance and taking account of 
losses) is:
Y
{(gL+jbL) ^  + jbg} + tanh 
o
yAA' Y
1 + { T~' + tanh yi2
o
Y tanh + tanh j3&2
{ (gL+jbL) y . + jbg} + ^ + tanh tanh j3^2
4 . ---------- — ■— -------------------— —
tanh aZ^ + tanh j$&2
+ { ^ L +*^bL^ Y  ^ + jbSH i  + tanh a,Z^  tanh j3-^2^
This expression can be simplified by writing
Y '
(gL  : M bL) y^ -  +  3bs ■= gL + ... (6.2)
o
As before, if aZ^ is small then tanh aZ^ - aZ^ and in any case tanh 
j tan 3&2*
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Hence . •
a&2 + j tan 3&2
yAA‘
+ + 1 + ja£_ tan 3£,
a + j tan &Z 
1 + {gL + ihL }{1 + ja^  tan
This reduces to
^ {gL ^+a^2 (l-bL^tan3^2) }+ j{bL ^+(l+gL a^Jl2) tan3il2}
yAA'V {g^'a&2 +(l-bL ''tan3£-2) }+j{bL -'a£2 + (gL^+a£2) tan3&2}
The total normalised load admittance presented to the diode package terminals 
at AA' is
yAA" “ YAA" + YAA"
From equations (6.1) and (6.3),
l+ja£-tan3&, {g_>+a£0 (l-b "'tan3^0) }+j{b '‘+(l+g ''a£0) tan3£0}X X L Z L Z \ L Li Z Z
y   -J- ----------------------------------------------------------------------------------------------— --------—  /g ^ \
a£1+jtan3^1 {gL a^£2+(l-bL^tan3£2) }+j{bL‘'a£2+(gL‘'+a£2) tan3£2}
This general equation can be considerably simplified by assuming that losses 
in the cavity are negligible and putting a = 0 .
In this case:
, 9T ' + 3 (b ' + tan 3£0)
  X 1-j J-i ^ //■ r\
yAA> j tan 3£, (1 “ b ' tan 3£0) + jgT tan 3£0X L Z Li Z
Rationalising equation (6.5) and separating real and imaginary parts
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'..t ’ , <3l ' (1 + tan23 )  '
Re (yAA-') = : 5 : 5 ? (6.6)
(1 - bL " tan 3^2) + gL " tanZ3£2
b " (1 - tan23£0) + ‘(1 - bT '2- - gT '2) tan3£0 
Im (y__ J  = L L L 2
AA 2 2 2
(1 - bL "tan3il2) + gL " tan 3£2 tan3£1
(6.7)
6.3 Oscillation Conditions
Suppose now that a diode is inserted into the circuit at the plane 
AA"'. Neglecting for the present any corrections necessary for the diode 
package, the admittance of the active diode can be considered in the 
general case to consist of a negative non-linear conductance, in 
parallel with a non-linear susceptance.
That is,
yd = -kal + bd ••• (6-s)
From equations (6.6), (6.7) and (6 .8) !the conditions for oscillation of 
the diode are: /
gT " (l+tan23&9)° = -Jgal +—---  — 5 5— 1— ‘ ... (6.9)
l-2bT "tan3£0+(g^ +bT " )tan 3&0Li Z Li Li Z
bT '(l-tan2BJl_) + (1-b '2-gT '2) tangS,. 1
o ™ b + — ----;------ 2-----  L L  —  ... (S.10)
JL-2b >tan3^0+ (g_ ^  +b " )tan -3&0 tan3&,Xj Z L L Z X
Equation (6.10) will.determine some resonant frequency for the system,
assuming that equation (6.9) is satisfied and allows the diode to oscillate
at all. Variation of the load admittance g ' + b " will lead to changes in
L L
resonant frequency as determined by equation (6 .10).
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In order to express these frequency changes directly in terms of changes 
in the load admittance it is necessary to consider first how the frequency 
dependent terms in the equation behave. If, for the present, it is assumed 
that the diode susceptance b^ is independent of frequency over the range of 
interest, then the only'frequency dependent terms are tan 3£^ and tan 3£2*
Now B =• (y-) = (•§).>.
g g , c
where Xc is the "cut-off" wavelength for the guide. In general therefore 
the relationship between (X ) ^ and f is non-linear, as can be seen from
g
figure 6.4. Inspection of this figure, however, indicates that over any 
range of frequencies less than about 500 MHz (and this is above the maximum 
frequency deviation likely to be encountered in an X-band locking experiment) 
the curve can be approximated by a tangential straight line of the form 
1
X
g
= pf + q
where p is the slope of the curve at the centre-point of the range of fre^ -
quencies considered, and q the intercept of the tangent on the (•—-*) axis.
g
•Suppose now that a small change occurs in the frequency. Denoting initial 
values by subscript zero, the new value of guide wavelength is given by
1 . = p (f + <Sf) + q = + p 6f
X - o ' ^ X
g go
Hence
$ = |2L = 3 {l + X f p — } ... (6.11)
X o 1 go or (i). Jg . o
Using equation (6.11) it can be seen that
tan3 £ + tan3 £m^- o o 0)
x °
tan 3£ = tan(3 £+3 £m— -^) =   -----------------  ... (6.12)o O 03
° 1 + -tan 3 £ tan 3 £m— -^O O OJ
d(i) °
where m = X  f p = X f ---—
go o^ go o df X , f 
go o
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If ~  is small (less than about 10%) then equation (6.12) can be0) 
o-t
replaced by the approximate expression: •
X \
tan$£ - tan$o£ + 3Q£m p- ... (6.13)
o
This approximation is only valid as long as JI is not very close to
, in which case the term tan3 £ tan3- in the denominator cannot4 o o 0)
o X
be neglected.. However in practice it was found that and
~ “ 0.9X hence this restriction did not apply.
From equation (6.13) it is thus possible to write:
tanB^ * mn  + Bl2 ^  , tanB*2 « ^  + m22 ^  ... (6.14)
o o
where m . = tan3 ; m.0 = 3 &,m; m_. = tan3 and mon = 3 £~mIJ- O JL 1Z O 1 21 O Z 22 O 2
These constants can, of course, be evaluated in particular cases.
6.4 ' Injection Locked Behaviour
Up to now consideration has been limited to a passive load admittance 
(gL + jb^) Yq presented at the reference plane BB"' (just to the right of 
the step). When a signal is injected into the cavity this load admittance 
is in fact determined by the interaction of the injected signal and the 
diode output signal. This situation is shown in figure 4.2 and has already 
been discussed briefly in Chapters 2 and 4.
Referring to figure 4.2 the reflection coefficient r seen looking 
to the right at the output port reference plane is given by
v ej(a)t + ^  
in
r =
V
out
The load admittance
V. e 
l _ _ i B _
V  4-. "W OUtgT + ibT =
j{ (u)-W )t + (J1}
L L ■ ej{(w-lOQ)t + <f.}
1 + in
V . out
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If the diode'ds locked to the injected signal oj = a3Q and 
V. e ^
1 - -*2- ■ ',■■■■ ■
'■ • v •
g + jb_ =  ° " ~ V T ' '■ (6.15)
L L v e -
1 + out
V. /P.
Writing —------= J —— - = a and rationalising equation (6.15):
out v out
1 - a2
g. = -— =5----- —  . ... (6 .16)
1 + a + 2a cos <f>
, -2a sin (f)bL = . — --- ^ ---------  ... (6.17)
1 + a + 2a cos <p
By substituting equations(6.16), (6.17)>(6.2),(6.14) into equations (6.9) and 
(6 .10)expressions can be derived describing oscillation of the diode under 
injection locking conditions. In particular these expressions can be used 
to predict the variation of locking range with, injected signal level; i.e.
the maximum frequency pulling for a given signal level.
If it is assumed that the maximum change in susceptance presented to 
the diode at M / corresponds to the occasion of maximum change in susceptance 
at the plane BB^ (and this is borne out by experiment) , then the maximum
change in frequency is determined by ±b
L max
It was shown in Chapter 2 that the condition for b (obtained by
L max
differentiating equation (6.17) with respect to <f>) is 
-2acos <|> =
l + a2
whence ... (6.18)
sin <J> = ±(----p )
2
1 + a"
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Therefore frbm equations (6.17) and (6.18)
bL max = ± ~  2 (6*19^
1 - a
and from equation (6.16) the corresponding value of
. .2 1 ^
. gL = • — --- 2 ‘ (6 .20)
1 - a
Hence by substituting equations (6.2), (6.14), (6.18), (6.19) and (6.20) into
equation (6.10) the following relationship can be derived between the maximum
(Sto
frequency pulling —  and the injected signal level a.
l*°
1
603 d  • m,, +m„ ^ —
. 11 12wo
2
j^O. 4a tl_ if, ( , (Sio'i 2 t . r . |- f,0.4a 3 2 (0.2 (1+a )'\2-\
l±7 ^  + bSH 1- h i +“22— n + { m21+m22— H l - ( ± - - T + b sJ -l----- 2“ U
1-a o. o 1-a 1 - a
       :   —   . (6.21)
,  ^r,0.4a . , if t 6wi , f , 2 f f,0.4a , , i2.f0.2 (1+a )i2i
1-2t±- ^ -  + bs H “2l+m22~ J + im21+m22^  U * — T  + V  + H ;---- j J  >
1-a o o 1-a 1 - a
5 (ji)In theory this equation can be solved in general for —  in terms of a.
o
In practice it is too complex for general solution, however it can be solved 
in particular cases and can be greatly simplified by neglecting terms is
(— )2. This approximation is justified for values of —  < 10%.
v03 J 03
6.5 Comparison of Theore/tical and Experimental Results
The solution of equation (6.21) obtained for a particular set of 
constants m / etc. is shown as the solid line in figure 6. 5. The values of 
the constants were typical of those determined by experimental measurements
crHh
& o 
jro
■ ~TS
c
ICO
0'
Q%
on various diodes oscillating in the same mount at a free running frequency
of 9.65 GHz. The value of (which is assumed to be constant at this stage)
is given by the initial condition of zero injected signal, i.e. 1 a1 = 0 ;
= 0. ' The same sort of Curves can be obtained for locking at other 
o _ '
frequencies.
It can be seen from figure 6.5 that there is a marked asymmetry in 
the locking behaviour for values of 'a* -> 0 .1, and that the maximum locked
frequency deviation for a given value of 'a* increases faster for ~  > 0
6to °
than for —  < 0. Behaviour of this type has been observed experimentally;
o
examples of this are shown in figure 2.7 and the photographs comprising
figure 4.13. There are however, two discrepancies between the theory as
depicted as the solid curve in figure 6.4, and typical experimental results.
The first is that although the essential asymmetrical behaviour is similar,
the predicted deviations in frequency obtained theoretically (for both 
5  CO
—  > O and —  < 0) are several times larger than those observed experi- 
o o ^
mentally. Secondly, the theoretical curve for —  < 0 predicts a relatively
6to o
faster increase of j— | with 'a' than is observed experimentally.
o '
However, a number of assumptions have been made in the derivation of 
equation (6.21). The most significant of these are
(a) that the diode susceptance b is independent of frequency (and 
power) • -
(b) that any correction due to the diode package can be neglected
(c) that any losses in the cavity are negligible
(d) that the backing short circuit is perfect
(e) that terms in (■— •) ^ can be neglected.to -V
o
Whilst (c), (d) and (e) may be justified, at least to a first order, 
in practice b^ will not be independent of frequency, and the package para­
meters, which are certain to be frequency dependent, may affect b^ signifi­
cantly.
. The restriction imposed by assumption (a) can be partially removed 
by allowing b^ to vary with frequency in some way. Whilst this variation 
is in general likely to be non-linear, a reasonable first approximation is
to assume that the diode susceptance is a capacitance C whose value
w-- d
frequency independent over the range of frequencies considered.
wC
Then bd = —
Assuming a small change in frequency 6co and denoting initial values by subs­
cript zero as before,
. C  ' •
b, = (a). + 6m)——v = b_ (1 + — ) ... (6.22)
d o Y a. to
o o o
Substituting equation (6.22) into equation (6.21) and solving again for —
o
in terms of injected signal level 'a' a modified curve is obtained which is
plotted in figure 6.5 as the dotted line. It. will be seen that the form of
the asymmetric behaviour is now much closer to that observed experimentally
and that the frequency deviations for a given value of 1 a‘ are smaller than
for the case where b, is considered to be constant.
d
The scale of these predicted frequency deviations, however, is still 
larger than that typically observed experimentally and hence it was felt 
that a closer investigation of the effects of the diode package was necessary 
in order to see if assumption (b) above was in fact justified. A discussion 
of the diode package and its equivalent circuit is given in the next chapter 
and does' in fact indicate that a correction is necessary. When this cor­
rection is taken into account in equation (6.21) the agreement between 
theory and experiment is further improved, although a discrepancy of scale 
still exists. The corrected curve is also plotted in figure 6.5. The 
results are discussed further in Chapter 7.
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CHAPTER 7 EFFECT OF THE DIODE PACKAGE
7.1 Package Equivalent Circuit •
Iho diodes used in the locking experiments were obtained from three 
different sources; The Plessey Company, Standard Telecommunications Labora­
tories and the Royal Radar Establishment. They were all however encapsulated 
in similar varactor-type pill packages consisting of a hollow dielectric 
right-circular cylinder with metallic end caps coaxial with the cylinder. 
Inside the cylinder the bottom face of the diode is bonded to a metal post 
and contact is made to the top surface by a thin gold wire. A cross section 
of a typical diode package is shown in figure 7.la. The simple equivalent 
circuit assumed for the package and depicted in figure 7. lb was that accepted 
by the majority of users and analysed by a number of workers [18, 19, 20]. 
The_physical basis for this circuit is shown in figure 7.1c[20]. The 
inductance and capacitances that arise due to the internal construction of 
the package are strictly to some extent distributed however since the dimen­
sions of the package are small compared with a guide wavelength an approxi­
mation to a. lumped element representation can be made such that the inductance 
is mainly due to the post, and the capacitances are as shown. There may also 
be an inductive component associated with the gold wire forming the top 
contact, however according to waveguide transmission measurements made on 
packaged varactor diodes by other workers [19] this effect is negligible.
For simplicity the it network shown in figure 7. lbwas used in the following 
analysis and any inductive effect due to the wire was assumed to be included 
with the post inductance. The capacitances and C  ^ are assumed to include 
effects due to the dielectric cylinder.
Published figures for the package parameters show a wide spread of 
values. It is however to be expected that the parameters will in any case
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vary to some extent from package to package and depend upon the particular 
microwave configuration in which the package is placed. In view of these 
. circumstances, it was considered important to make some measurements on 
samples of the packages actually available for use in the injection locking 
experiments in order to obtain a more precise estimate for the parameter 
values. An accurate knowledge of these values is obviously essential if 
external circuit loads are to be referred through the package to the diode 
itself.
7.2 Measurement of Package Parameters
The component values were obtained using two main experimental methods 
each having its own merits and disadvantages. It would obviously be desirable 
to carry out measurements on the actual packages to be used for the injection 
locking- experiments, in the same microwave circuit and within the same range 
of. frequencies i.e. 9-10 GHz. However the calculation of the package para­
meters would involve their extraction from a complex circuit involving the 
active diode, and would in fact require an assumption of values for the 
equivalent circuit parameters of the- diode itself. This would of course 
defeat the object of the exercise, which is to acquire a knowledge of the 
package equivalent circuit, in order to evaluate the.diode admittance.
The simplest approach, and the first of the methods adopted, was to 
concentrate on the package alone, using dummy packages without diodes inserted 
Measurements were made on these dummy packages at the same frequencies and in 
the same microwave circuit as actual packaged diodes would eventually be 
used. This method has the advantage that the device being measured is purely 
susceptive, thus simplifying the measurements somewhat, but also of course 
has one serious disadvantage in that the package parameters themselves will 
in all probability be modified by the absence of the diode chip, unless the 
parameters can be considered to be truly lumped.
,Measurements on packages containing diodes can be made however, if the 
combined equivalent circuit of package and diode can be simplified in some 
way. This was the basis of the second experimental method in which measure­
ments were made on packaged diodes at relatively low frequencies (0.5-2 GHz) . 
It was hoped that at these frequencies it might be possible to neglect some 
of the capacitative effects, and in any case the diode can simply be 
represented by an equivalent circuit involving only its low field resistance 
and bulk ("cold") capacitance. Although this method makes the assumption 
that the package parameters are frequency independent and will be the same 
at substantially higher frequencies, it does have the important advantage 
that measurements can be made on the actual packaged diodesto be used in 
subsequent experiments.
7.2.1 First Experimental Method
As discussed above, this method consisted of experiments at X band 
frequencies (9 - 10 GHz) on dummy packages. Two types of dummy packages 
were used - internally open-circuited packages and internally short- 
circuited packages. Samples of both types of package were made up on request 
by the firms supplying the actual packaged diodes, since appropriate fabri­
cation facilities did not exist within the Department.
The open-circuited packages were made by simply omitting the diode 
chip and leaving the gold wire hanging in place as close to the post as 
possible without making contact. It was assumed that the contributions to 
C£ normally due to capacitance between the gold wire and post would be 
retained in this device. Figures 7.2a & 7.2b show a cross-section of an 
open circuited diode and its equivalent circuit.
From figure 7.2b the input admittance at the package terminals of the 
open circuited package is given by:
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The short-circuited packages were fabricated by again omitting the diode chip 
but this time bonding the gold wire directly to the top of the post. Figures 
7.3a & 7.3b show a cross-section of a short-circuited diode and its equivalent 
circuit. In this case the imput admittance at the package terminals is 
given by ‘
Yi „ = Y s c = j  ••• <7-2>
To obtain the parameter values, the short-circuited packages were 
measured at two well-separatedfrequencies to obtain and L, and the open- 
circuited packages measured at one of those frequencies in order to obtain 
the remaining parameter C . It is clear therefore that in addition to the 
disadvantage of this method mentioned before, two further assumptions have 
to be made, firstly that the values of the parameters are frequency indepen­
dent (at least over the range of frequencies used) and secondly that the 
parameter values do not vary greatly from package to package * (since two . 
packages are used to obtain one set of parameter values).
The package admittance measurements were made using standard
standing wave measurement techniques by mounting the packages in reduced
height X band mounts similar to that shown in figure 6.1; although the actual
configuration used, and its transmission-line equivalent circuit is shown
in figures 7.4a & 7.4b. Several such mounts were available with lengths an
integral multiple of guide wavelenths long at various X band frequencies;
hence it was found convenient to adopt the following measuring technique*
For each mount the measuring frequency was chosen such that £ = n^g; thus the
~2
input admittance at reference plane CC.^  ii; figure 7.4 was given by
y. = [y + 2jBg - jYQ cot 2tt£-l)   (7.3)
111 P . xg
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.introduced by the presence.of evanescent fields at the steps).
Of course it is not strictly necessary to choose the frequency in
this particular way however the usefulness of this method is that by a
suitable adjustment of the short-circuit plunger position the susceptance
Y cot 2tt£ can be made equal to 2B and hence a direct measurement of theo —r— 1 s
. t :
package admittance is possible without the need for subsequent use of trans­
formation equations. Besides providing a quick and convenient means of 
measuring the admittance of a number of packages at the same frequency, the 
method does also avoid the necessity for a precise determination of the step
susceptance B . ' .
The appropriate position of the short-circuit plunger for this 
condition was achieved in the following way. A reference plane was estab­
lished at CC" using a short circuiting plate, and the minimum in the standing 
wave pattern was located with a probe. The plate was then removed and with
no package in the mount, the probe was moved a distance g^_ , the backing
. 4
short-circuit plunger being adjusted to again give a minimum in the standing
wave pattern at the probe, i.e. an open circuit at plane CC". Under these
conditions
Y. = 0 or 2B = Y cot 2vZ ■ __ (7.4)
m  s o  —r— -1
- g
Equation (7.4) was also used to determine a value for Bg at that 
particular frequency; this was found to be in close agreement with the 
theoretical value for a single symmetric step [17].
The different mounts available were utilised to obtain values of 
package parameters (and step susceptances) at different frequencies between 
9-10 GHz. ^
7.2.2 Results obtained by First Method
The results obtained are shown in Tables 7A and 7B. As the experi­
mental error in measuring the admittance of the same package twice at one
110
' frequency wastr 0.0005 mhos it was considered reasonable.to average the 
admittances obtained for all packages as the differences between measured 
values for different packages was of the same order.
TABLE 7A • Short circuit packages , ^
Admittance (mhos) 
(averaged over 3 packages) FrequencyGHz
L
(nH)
ci
(PF)
-0.0146 ' 10
0.645 0.160
-0.0194 . .9 v
TABLE 7B Open circuit packages
Admittance (mhos) Frequency L V C2
(averaged over 4 packages) GHZ (nH) (pF) 
(from above)
fpF)
+0.0189 10 0.645 0.160 0.103
• +0.0168 9 0.645 0.160 0.109
7.2.3 Second Experimental Method
The second method consisted of measurements made on packages actually 
containing diode chips. For the reasons stated above these measurements 
were undertaken at frequencies in the range 0.5 --2 GHz. The packaged diodes 
were mounted at. one end of a standard 50 ft General Radio slotted line; 
between the centre cpnductor and a conducting end plate as shown in figure 
7.5. A General Radio connector was modified for this purpose.
The impedances of the packaged diodes were measured using standard 
transmission line standing wave techniques; the reference plane AA"' being 
established by replacing the packaged diode with a solid brass dummy having
111
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'the same external dimensions. The electrical length of the packages at the 
frequencies used was - 0.0033 X and hence it was considered reasonable to 
neglect this dimension in the calculations.
When the diode is biassed below its threshold for oscillations, its 
equivalent circuit is assumed to be a voltage-dependent resistance (the "low- 
field" resistance) in parallel with a capacitative element representing the 
capacitance of the semiconductor material between the top. and bottom faces 
of the diode (the so-called "cold" capacitance). The equivalent circuit of 
figure 7.1b thus becomes:
in
Figure 7.6 Equivalent Circuit of Packaged Diode below Threshold
where L, and are the package parameters as before, RD is the "low- 
field" resistance of the chip and CD its "cold" capacitance.
Z^n is therefore given by
Z.
in
+  "7jooL + R.
... (7.5)
ja)C.
D /
1 + juRDCCD« 2]
Writing CD + = C for simplicity, and rationalising equation- (7.5) it can
be shown that
in
O 0 <5
|r d-03 LRDC+jcoL}{l-a) C^L-j [coC^+mR^-a) L R ^ C ] } ... (7.6)
where D = (l-u2C L)2 + ( ^ [ C ^ C ]  - ^ L R ^ C )2 (7.7)
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, Separating Z^n into Real and Imaginary parts;
2 2 3
Re Z = R = (Rd ““ LRDC) (1_a) C1L) + uL (“GiRn+wCRQ-w
in in ------------------------- -— — ----- ---------=—
which simplifies to ' •
Rin “ V • ... (7.8)
xm Z. - X. = (RdV l C R d) faC RD+a,RDC-C03LR ClC)
m  m  ----------------- :-----------------------------
D
which simplifies to
X. = wIl-R 2 (C+C )+0)2 (2R 2LCC +R 2LC2-C L2) -0)4L2R 2C2C } ... (7.9) m  — 1 D 1 D I D  1 D 1J
These expressions can be checked by considering the case of a short circuited
2 2package. In this case R = 0  i.e. D = (l-m CL) and R. = O.
D 1 m
X. W {l-032C,L2 } = 0)L
in   2 2 1  2--------(1-0) C^L) (1-03 C^)
which is the reactance of the short circuited package, (cf equation (7.2))
If the capacitative elements in figure 7.5 could be neglected at
frequencies of ~1 GHz then equations. (7.1), (7.8) and (7.9) would become
D = 1 )  R^n = Rd and X^n = 03L respectively. Hence the input impedance of
the packaged diode would simply be given by
Z. = R + jo3L ... (7.10)
m  D J
and standing wave measurements would furnish values of both R^ and L directly.
To see if this approach was feasible, an order of magnitude calculation 
was carried out. The following approximate values for the parameters were 
chosen (more exact values were not critical in this calculation).
•and these values were substituted into equations (7.7), (7.8) and (7.9) 
in order to assess which terms in these equations were significant.
From equation (7.7) it was found that
D = (1-0.002)2 + (0.0375-0.00005)2 - 1
(In fact the lower the frequency the closer D becomes to 1). Hence at
frequencies ~1.0 GHz R^n~ RD (from equation (7.8)) .
Substituting the; above parameter .values into each term in the brackets 
in equation (7.9) the following results were obtained:
First term = L = 5.10
2 -lo
Second term = -R (C+C^) = -1*2.10
Third ,term = a)2 (2R^2I£C^R^LC^-C L2) = -3*6.10~12
4 2 2 2 -16
Fourth term = -03 L R^ C C_ = -6*4.10
D 1
It is clear therefore that while the third and fourth terms may be
neglected in comparison with the first, the second term is significant and
must be taken into account. Capacitative, effects cannot thus be completely 
neglected as originally proposed. However some simplification of equation 
(7.9) can be justified, and at frequencies of the order of 1 GHz, the 
reactance of the packaged diode can be represented by the relation
X. ' = to {l - R 2 (C + C.)} ... (7.11)m  1 D 1 *
The total impedance of the packaged diode at low frequencies can thus be
written '
z - = R—. + jwlli - R 2[C + C,]} ... (7.12)m  D J 1 D 1 J
It will be noted that this is of the form Z. = r + jo)L (where L ism  D J eff ef r
an effective inductance) and although L cannot be measured directly, some 
interesting conclusions can still be drawn. In particular, applying a D.C. 
voltage to the diode (below threshold) will vary the value of R^ while the 
other parameters should remain constant, and in theory the value of L can be
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obtained graphically by measuring the input impedance at various bias 
voltages.
7.2.4 Results Obtained by Second Method
The first set of impedance measurements were carried out on packaged
diodes with zero D.C. bias, at a range of frequencies between 500' MHz and
1000 MHz. The results shown in table 7C are typical of the diodes tested.
2It should be noted that the effective inductance L __ (= L-R -(C+Cn)) is
eff D 1
constant within experimental error and can therefore be considered to be
frequency independent within this frequency range. The results however,
give no information about the form of L The resistance R^ is also
■ eff D
constant and, as would be expected, is approximately equal to that obtained
from the slope at the origin of the D.C. current/voltage characteristic for
the diode (figure 7.7).
The simplified form of the diode equivalent circuit described by
equation (7.12) therefore holds at frequencies upto 1000 MHz.
Table 7C also shows the results of impedance measurements at frequencies
above 1000 MHz. It can be seen that above 1>GHz,R^ and L __ are no longer
D erf
constant and the approximation (7.12) no longer holds. This is to be 
expected however as above 1 GHz other terms in the general equation (7.6) 
also have to be taken into account. -
In the second set of measurements a D.C. bias voltage was applied to 
the diodes by incorporating a suitable coaxial 'tee' junction into the 
measuring system. Impedance measurements were carried out at a fixed fre­
quency of 500 MHz, using various values of bias voltage below the threshold 
for oscillation for each diode. The results are shown in table 7D. The 
impedances shown in both tables 7C and 7D are depicted on a Smith chart 
(figure 7.8) from which the essential behaviour can be clearly seen.
It is also possible to use the results given in table 7D to obtain
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TABLE 7C Variation of Package Input Impedance with Frequency 
v - . (D;'C. Bias : Zero)" ~ ~
FREQUENCY
GHz
PACKAGE INPUT IMPEDANCE (OHMS)
Z. = R +jtoL __ 
m  D ef f
EFFECTIVE
Leff
INDUCTANCE (OHMS)
= l-r2 (c+c1) •
0.5 16.0 + 1.59 0.506
0.6 16.0 + 1.90 0.504
0.7 16.0 + 2.15 1 0.489
0.8 .- - - 16.0 + 2.52 0.501
0.9 16.0 + 2.80 0.495
1.0 16.0 + 3.13 0.498
2.0 16.1 + 5.65 0.450
3.0 16.3 + 7.82 0.415
4.0 16.5 + 10.26 0.408
5.0 16.7 + 11.82 0.377
TABLE 7D Variation of Package Input Impedance with D.C. Bias 
(Frequency : 500 MHz)
D.C'. BIAS 
VOLTAGE
PACKAGE INPUT IMPEDANCE (OHMS)
Z . = R + j  L __ 
m  D J eff R2 (OHMS)^
OV 16.0 + j 1.59 256
l.Ov 20.8 + j 1.42 .433
1.5v 26.0 + j 1.21 676
2.0v 38.4 + j 0.42 1475
2.5v, 72.0 - j 3.30 / 5184
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, further information about the form of Leff« Referring to equation (7.11) it
2can be seen that a graphical plot of reactance X. (=mL _ ) aqainst R
m  eff * D
should be a straight line with an intercept on the reactance axis of wL and 
a slopeof -a)(C+C^). Such a graph is shown in figure 7.9 and verifies the 
form of The intercept gives a value of 0.595 nH for the package
inductance L. From the slope of the graph (C+C^) = (C^-K^+C^) = 0.32 pF.
Figures 7.10 and 7.11 show similar graphs for results obtained on two 
other diodes. In the first case measurements were made at a frequency of 
1000 MHz. In the second case measurements were made at three different 
frequencies? 500 MHz? 750 MHz and 1000 MHz. Results obtained from these 
graphs for the parameter values of all three diodes are tabulated in table
7E.
TABLE 7E Packaged Diode Parameter Values
-
DIODE 1 DIODE 2 DIODE 3
FREQUENCY 
500 MHz
FREQUENCY 
1000 MHZ
FREQUENCY 
500 MHZ
FREQUENCY 
750 MHZ
FREQUENCY 
1000 MHZ
L (nH) 0.595 0.631 0.669
i
i
0.647 j 0.629
!
[C^+C^K^] (pF) 0.320 0.216 0.354 0.398 0.354
7.3 Discussion of Results
There was no significant variation in impedance values obtained by 
the first method for different short circuited packages measured at the same 
frequency. This was also true for different open circuited packages. It 
should be noted however that the samples were small in each case (three short 
circuit packages and four open circuit packages.) Nevertheless the impli­
cation is that the package parameters themselves do not vary greatly from 
package to package.
In the case of the second method, in which impedance measurements
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were made on packages containing diode chips, the only package parameter
* ' ' ’ ' ' . ’
which could be uniquely determined was the inductance L. In passing it 
should be noted that the diode "low-field" resistance could also be 
uniquely determined, and measured values of RQ obtained for different bias .
voltages below threshold showed good agreement with the values obtained from
the diode D.C. current/voltage characteristics. The values of package 
^.inductance L measured-by the -second method showed a significant variation
from diode to diode and on average were lower than the values obtained by
the first method. There is an implication therefore that this package para­
meter at least is affected by the presence or absence of a diode chip, and/ 
or by the physical configuration of the mount used. Only the total sum of 
Cf, C2 and could be determined by the second method, however CQ represents 
the cold capacitance of the diode chip and can be evaluated roughly by 
considering the chip as a parallel plate dielectric filled capacitance. The
value of CL obtained by this method - 0.1 pF and hence C.+CL - 0.25 pF D 1 2
-which gives good agreement with the sum of and obtained by the first 
experimental method.
No significant variation of package parameters with frequency could 
be deduced. A compromise was adopted regarding the parameter values actually 
used in later experiments; this consisted of using the capacitance values 
obtained by the first method and the inductances for particular diodes 
obtained from the second method.
7.4 Admittance Transformation Equation
The package parameters evaluated in section 7.2 can be used to trans­
form any given load admittance at the package terminals to the terminals of 
—--- the -actirve—chip. •"Referring “to the package equivalent '"circuit-shown- in
figure 7.1b, if a load admittance G +jB is presented to the terminals of
L L
the package by the - external circuit then the admittance seen by the active
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diode is given by
{GI+j (Bl +o}C1) } {1-toL (BL+coC1) -j«LGL}
Y = ---— ------------ — — ---- —  + jojC ... (7.13)
{l-wL(B +mC )} +0) L G  
Ii x L
This equation was used extensively in later work when considering 
the effect of changes in the external load on the frequency and power output 
of packaged diodes (Chapter 8). A programme was written for a Hewlett Packard 
Progr'ammable Desk Calculator to allow Y to be readily calculated for various 
values of frequency, package parameters and external load admittances.
7.5 Inclusion of Package in'Oscillation Equations
Referring again to figure 7.1b, and assuming that the active diode 
chip consists of a parallel combination of a negative conductance, G^, and 
a positive susceptance, B^, a similar expression to equation (7.13) can be 
derived for the admittance of the packaged diode viz:
{~GD+j (V“C2) H1-“L (Bd+10C2) +3“LGD}
Y = ------------- =------- -— — —  ------  + jwC ... (7.14)
.... {l-a3L (BD+mC2)} -ho L Gd
The Real and Imaginary parts of equation (7.13) are:
~ GP - r . ”,2. 2 2 2 ... (7.15)
{1-0)L(BD+0)C2) } +0) L Gd
0 0
(B +0)C )-wl{(B +C0C ) +G }
ImY = B = ■ D   2 ^—  ---- -— + mC ... (7.16)
P P {l-WL(BD+WC2)}2+a)2L2GD2
Bp represents the "susceptance of the diode chip "corrected" for the package 
and hence the oscillation equation (6 .10) becomes: '
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'  .  . .  • t,
Bp b2' + (l-bL '2-gL ':!) tan« 1
O = —  + ------------------5---- 5--- -=-------- -------  ... (7.17)
Y .l-2bT -tanpl0+(gT '- +bT ' )tan B£_ tang,
O  J-i Z ' J- i  Jj z l
Substituting equation .(7.16) into (7.17), replacing to by 10 (l + ~ )  as
O £0. , o
before and inserting the approximate expressions for b and g " in terms of
L L
locking gain 'a1 (equations (6.2), (6.19) and (6.20)) an equation analgous 
to equation (6 .21) is obtained which takes into account the correction due 
to the package.
As before, this equation was found to be too complex for solution in
general terms but was solved in particular cases. The values of G and B
D D
were found using equation (7.13) and the initial condition w = w ; a = O.
o
The diode susceptance was assumed to vary with frequency in accordance with
the relationship = ojCL as before, and the diode conductance was assumed
D D D
to be frequency independent over the range considered.
The results obtained by solving the modified form of equation (6.21)
•for the maximum value of ~  as a function of locking gain 'a' are shown in
o
figure 6.5. As pointed out in Chapter 6 , however a discrepancy of scale 
still exists between theory and-experiment. - (The predicted frequency 
'deviations are some three to four times larger than those observed experi­
mentally for a given value of gain). Nevertheless the theoretical model 
developed in the last two chapters does predict, with reasonable accuracy, 
the form of the observed asymmetry in the locked bandwidth/gain curves.
This can be seen clearly by reducing the scale of the theoretical results 
to fit observed data close to the origin. Figure 7.12 then shows that the 
model (solid curve) successfully predicts experimental behaviour up to
,jvalues of l —--- ~.0 .7.
out
The reason for the remaining discrepancy in scale between theory and 
experiment is not clearly understood. It is doubtful whether allowance for
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■/assumptions Op) ,’ (d) and (e) in section 6.5 would account for this discre­
pancy. In fact the actual admittance of the short circuit plunger used in 
the reduced height waveguide mount was subsequently measured and the short 
circuit found to be far from perfect; calculation however showed that 
taking account of this only reduced the scale of the theoretical results by 
about 10%. It is more likely that the fault lies in the injection locking 
model itself? particularly in the definitions of input and output power and 
the assumption that no power is dissipated within the diode itself.
In addition the diode susceptance may not vary simply as (oC^  and no 
- account has been taken of any variation of either diode susceptance, or 
diode conductance, with power. These aspects are explored in the next 
Chapter, where the variations of active diode admittance with frequency and 
power are investigated using the circuit equations already derived.
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CHAPTER 8 ACTIVE DIODE ADMITTANCE
8.1 Introduction
Throughout this work the active diode chip has been represented by a 
parallel combination of negative conductance -G^ and positive susceptance B^. 
In the general case both conductance and susceptance will be non-linear and 
will satisfy some general relationship:
Gd = ^  (P, F)
... (8.1)
Bd = fn2 (P, F)
where P is the output power of the diode and F its frequency of oscillation.
In .the derivation of the locking equations in the last two chapters
however, it has been assumed that the diode susceptance varies with frequency 
•as wC^, where the diode capacitance C^ is independent of frequency over the 
range considered, and that the diode negative conductance is also frequency 
independent. Furthermore, the variation of both conductance and susceptance 
with power (or r.f. voltage across the diode) has been ignored.
The purpose of the work described .in this chapter was to ascertain 
how far these assumptions were in fact justified. Experimental admittance 
measurements were made on a number of oscillating diodes, and the power and 
frequency dependence of the active diode admittance was investigated. The 
experimental resuirs were compared with theoretical and experimental relation­
ships presented by a number of workers. 1
The diodes tested in this way were representative of those used in 
previous injection locking experiments. They consisted of packaged samples 
of epitaxial GaAs deposited on low resistivity substrates. The low field
resistance of the devices was about 20 ohms and the active layer doping
12 -2
concentration x length product was of the order of 10 cm . All the diodes 
were operated C.W.
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' 8* ^ Experimental Admittance Measurements
Using the transformation equations for circuit and package derived 
in Chapters 6 and 7, any load admittance measured at the reference plane BB ^
simultaneously measuring the frequency and power output of the diode for 
given values of load admittance it was possible to obtain experimental 
relationships to show the power and frequency dependence of the diode 
conductance and susceptance (assuming that the load presents a conjugate 
match at the diode terminals).
culator to facilitate the transformation through the mount as with the diode pack­
age. The load was presented by an E - H tuner backed by a matched load as 
in figure 8.1. The E - H tuner was constructed from a hybrid (magic) tee 
junction with variable short circuit plungers terminating two normally 
decoupled arms. By adjusting the short circuit positions relative to each 
other it was possible to keep the oscillation frequency constant while varying 
the load admittance, and hence the power output delivered to the load. The 
r.f. voltage across the diode could be calculated from the relationship:
P . = G , v _ 2 ... (8.2)out 2 d r.f.
and thus experimental relationships could be obtained between diode admittance 
and r.f. voltage. Typical results are shown in figures 8.2a and 8.2b for an 
oscillation frequency of 9.6 GHz. Similar curves were obtained for oscillation 
at other frequencies. It can be seen that the diode negative conductance 
decreases non-linearly with increasing r.f. voltage, while the diode susceptance
If the oscillation frequency is allowed to vary then measurements of 
diode susceptance can be plotted as a function of oscillation frequency, A
in figure 6.2 can be transformed to the terminals of the active diode. By
Programmes were written for a Hewlett Packard Programmable Desk Cal-
1-ca-c^  o\r£y fc&XL Scw'C\.<L
l/l
typical experimental relationship is shown in figure 8.3. No corrections 
have been made to these results for any variation of susceptance with r.f. 
voltage in view'of the eSka^c^t of susceptance with r.f. voltage
shown in figure 8.2b. It has therefore been assumed that the variations of 
susceptance in figure 8.3 are entirely due to the changes in frequency.
Figure 8.4 shows the variation*of diode capacitance with frequency obtained 
from the experimental results of figure 8.3 by using the relationship -
It can be seen that in this particular case there is an overall increase of 
capacitance with frequency although the capacitance is approximately constant 
(within 2 - 3%) over the range 8.8 - 9.7 GHz. Within this range it is 
roughly four times the 'cold1 capacitance of the chip [Chapter 7],
It was not possible from the experiments carried out, to determine 
the variation of diode negative conductance with frequency.
8.3 Mode of Oscillation
From the range of tunability exhibited by the diodes used throughout 
this work it would appear that they were all oscillating in one of the 
'resonant' modes described by Gunn [29]. Two cases are usually distinguished, 
the delayed-dipole domain mode and the quenched-domain mode. Both have been 
discussed by a number of authors [30-35] and a physical model originally 
suggested by Robson and Mahrous [ 30] has been progressively developed by 
Warner [32], Ikoma and Yanai [34] and Khandelwal and Curtice [35]. The last 
two pairs of authors have concentrated on the quenched-domain mode in parti­
cular. If indeed the diodes used in the present work oscillated in either 
of these two modes, it was not possible to establish conclusively which mode 
was involved. The delayed domain mode cannot operate at frequencies greater 
than the basic transit time frequency,, whereas the quenched-domain mode can
133
&'
l% 
i 
fo%
 
P; 
P
V
M
t
T
l
C
T
s
/
-
 
CP
r 
&
$
\J
£*
/*
-/
V
us
uiz
ti4 V-ft ■au
c M
ft g ^
<A
tr>
o
-C
C\\
(A
O
/■^o O
e>
O
c\
o
G
0®t*i
9
o
/vl
<o
*»5*
§>
VA
O
e>$
9
o
/A
ex!
o
p,i «xj
O 9
o
V
sT-sn
Qr xi.
«»-* y.
5 
nS-
eft
•6
oi
6
Q>
CS
O
I'rv
®?
rW
ck
e%
Ck
<%. 
6x
« \
<k
exlA
©x
cv
o
<?*
tf\ 
&
to 
&
4%
c«a
S&. 
«>
*./\
*1
9
o
0~
is l
O'
; exist.for frequencies both below and above the transit-time frequency. The 
transit time frequencies of the diodes used in this work were measured by 
loading the diode cavity progressively with resistive material [36] until 
the oscillation frequency became independent of any further additions of 
lossy material. The power output under such conditions was extremely small, 
necessitating a sensitive spectrum analyser to detect it at all. Under these 
circumstances it was assumed that the r.f. voltage developed across the 
device was negligible, and that any 'cavity' effect due to the diode package 
parasitics could be discounted. Figure 8.5 shows typical results obtained 
for the variations of transit time frequency with bias voltage. Since all 
frequencies obtained under cavity controlled (or injection locking) conditions 
were significantly lower than these values it was concluded that either the 
delayed domain mode or the quenched domain mode could have been present.
In fact, the experimental variations of conductance and susceptance 
with r.f. voltage shown in figure 8.2 agree reasonably well, qualitatively at 
least, with the theoretical predictions of Ikoma and Yanai [34] and Khandelwal 
and Curtice [35] for the quenched domain mode. One discrepancy is that these 
theories predict a slight decrease of susceptance with increasing ir.f. Voltage , 
whereas the experimental results indicate that the susceptance
r.f. voltage. It is worth noting however that the theoretical 
values of susceptance became markedly less dependent on r.f. voltage at 
higher values of D.C. bias voltage, and that the experimental results were 
obtained for similarly high bias voltages .
On the other hand the independence of diode capacitance with frequency 
below about 0.85 x transit time frequency (F ' ) and the increase of
ulTcinSl.'C
this capacitance with frequency above 0.85 F . , agree very well with
tiTcinsit
• experimental results described by Pollmann et al [33] and attributed to the 
delayed domain mode.
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, There.^is one factor however which casts considerable doubt on 
whether the diodes used in this research were in fact operating in either of 
these two modes. Most of the diodes had threshold voltages (V^) of about 
4 volts and were usually operated at bias voltages (V- ) of 11 - 12 volts 
(~3Vth)• Clearly, from figure 8.2 therefore, the r.f. voltages that are 
apparently developed across the diode chip are too small even for delayed 
"domain formation to occur since the total voltage never falls below threshold. 
The quenched domain mode, of course, requires even greater r.f. voltage 
swings.
There are several possible explanations for this. The first is,
simply, that the measured r.f. voltages are correct and that the diodes were
in fact operating in a basically transit-time mode, with the external circuit
acting as a frequency selective filter. This however is felt to be extremely
unlikely in view of the wide range of tunability of the diodes. A second
possibility is that the r.f. voltages, measured do not represent the true
voltages across the chip. In the measurement of the diode negative conductance
it has been assumed that the cavity losses are negligible. If these losses
are significant they will in fact contribute to the total positive load
resistance, and the diode negative resistance will be correspondingly greater
(i.e. the diode negative conductance will be correspondingly smaller). Hence
from equation (8.2) it can be seen that for a given power output the r.f.
voltage will be greater if cavity losses are taken into account. It is
considered to be unlikely however that this correction would increase the
measured r.f. voltage values sufficiently to satisfy the inequality
V _ > V_ - V in.all cases. Instead, as suggested by Pollmann [33] and
r.f. B th
Hobson [36] the more likely explanation is that the tuning mechanism is 
related to the one occurring in samples with below-critical doping density x 
length product and that a model based on growing space-charge waves [37] 
might be more appropriate (especially as all the diodes used in this work
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operated C.W.-'tand the critical doping concentration x length product for 
space charge wave growth increases with temperature [36,38]).
8.4 Effect of Changes in'Diode Admittance on Injection Locking Behaviour 
Notwithstanding the uncertainty of the nature of the mechanism 
• responsible for resonant circuit diode oscillation, the experimental results 
typified by figures 8.2, 8.3 and 8.4 do appear to correspond in general terms 
with theoretical and experimental results obtained by other workers and attri­
buted to domain modes, and do provide useful information regarding some of the 
assumptions made in Chapters 6 and 7 concerning the active device admittance. 
In particular, the diode susceptance is found to be cw
c^rvA-0r\. cv
U \ tUfcO, I U/t<i*s£v; CXOO/&), I  Uo__cLCocJUl. S_crvvdli^ cJrZlvvCiL
is clearly not independent.of r.f. voltage and needs to be taken into account
in equation (7.16). This however only results in a second order correction
since the diode conductance (G^ ) is relatively small and moreover appears as 
2
(0^ ) in equation (7.16).
As discussed earlier, the diode capacitance appears to be approxi­
mately independent of frequency over the, range 8.8 - 9.7 GHz and thereafter 
to increase fairly rapidly with frequency. Since the majority of the locking 
experiments were carried out at frequencies within.this range, and involved 
-maximum locked bandwidths no greater than 200 MHz, the assumption that is 
constant also appears to be justified. For locking at frequencies greater 
than about 9.7 GHz however a correction would need to be made for the 
variation of with frequency.
The variation of diode negative conductance with frequency was not 
evaluated, however this is expected to be small [35] especially over the 
typical range of frequencies involved in an injection locking experiment.
139
In any case, as discussed above, variations in only result in a second 
order correction to the locking equation (7.16).
It would appear therefore, from the investigation of active diode 
admittance carried out in this chapter, that most of the assumptions made in 
Chapters 6 and 7 regarding the diode admittance variations are justified, at 
least to a first order) (JU.
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CHAPTER 9 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
The preliminary measurements that were carried out on diodes mounted 
in parallel in the same microwave cavity,.and described in Part I (Chapter 1) , 
showed in principle that such double diode operation is feasible. Combined 
power outputs approaching the sum of the individual diode outputs were 
obtained at a coherent/ stable frequency. Once the diodes were locked, the 
effect on the system of variations in the external circuit was found to be 
very small and hence the tunability of the locked frequency was limited.
However, the locked frequency was found to be strongly dependent on the 
physical diode separation, and it was shown that the locked frequency could 
be readily tuned over a fairly wide range by altering this spacing mechanically. 
For practical.applications it might even be feasible to electronically tune 
the locked frequency b^eg^inserting a varactor diode between the two Gunn 
diodes, but this possibility was not investigated. The observed directivity 
behaviour is also interesting from the point of view of possible switching 
applications, and might well merit further study.
However the experimental results obtained from the work described in 
Part I provided no explanation of the observed behaviour and as a first step 
towards this- the bulk of the work presented in this thesis took the form of 
a theoretical and experimental study of the small and large signal injection 
locking behaviour of a single diode. In Part II of this thesis a number of 
existing theories were examined in the light of experimental observations.
From the results of the work described in Chapters 2 and 3 it is clear 
that whilst the simple Adler theory of phase locking shows good agreement 
with experimental results at relatively low injected signal levels (at least 
14 dB below the output power of the locked diode), it does not accurately 
predict locking behaviour when the- locking signal level is of the same order
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of magnitude cis the locked oscillator output. In particular it was found 
experimentally that at higher injected signal levels the relationship between 
locked bandwidth and injected signal voltage is non-linear, and that the 
phase between locked and locking signals can substantially exceed 90^. The 
failure of the Adler theory to explain these effects is however to be expected 
in view of the small signal approximations involved in its formulation. The 
theories of Paciorek and Quine were found to be a considerable improvement on 
Adler's model and Quine's theory in particular gave good agreement with 
experimental results for injected signal levels up to about 3 dB below the 
locked diode power output.. However, above this level even Quine's theory is 
not a very good approximation for the observed behaviour. In addition there 
were bn occasion some unexplained phenomena which could not be accounted for 
by any of the theories so far mentioned. Those included an asymmetry of the 
locking range about the free-running frequency, , jumps in frequency of the 
locked oscillator, or the apparent cessation of oscillation altogether, on 
increasing the injected signal level.
In Chapter 4 the theory of Huntoon and Weiss was discussed, and verified 
for the case of a microwave oscillator. Again, this is essentially a small- 
signal theory and takes no account of internal oscillator mechanism. It 
does however have the advantage that variations in output power of the locked 
oscillator can be conveniently expressed.as a function of changes in frequency 
about the free running frequency, and it has been shown that the theoretical 
power output frequency relationships predicted by this theory agree very well 
with experimental results obtained under small injected signal conditions.
It was shown in Chapter 5 how the Huntoon and Weiss theory could 
readily be extended to describe the small signal case of the mutual synchroni­
sation of two oscillators. Experiments carried out on two single diode 
oscillators coupled through a mutual admittance demonstrated the validity of 
this theory. The results of this work indicate that the final locked frequency
14?
' -of such a system, together with the output powers of the individual diodes, 
can be successfully predicted from a knowledge of the initial free running 
conditions.
The Huntoon and Weiss'theory is based on measurements of the way in 
which the frequency and power output of a free running diode vary with 
. changes in the load conductance and susceptance presented to the diode. A 
major limitation of the theory is that these relationships are then approxi­
mated by tangents at the operating point - the so-called 1 compliance coeffi­
cients*. In practice the curves are far from linear, and a tangent at the 
operating point is only areasonable approximation.over a very small range. 
Clearly for the theory to be valid at higher injected signal levels (and by
t
implication larger variations in power output and frequency) it would be 
necessary to define, compliance coefficients that represent the actual curves 
much more realistically. This might be done by using second, or even third 
order expressions.
There is however, a more fundamental fault common to all the theories 
discussed in Part II, and this is that insufficient account is taken of the 
detailed structure of the diode, or of the design of the package and circuit 
in which the diode is mounted. For this reason alone these theories cannot 
be expected to adequately describe the behaviour observed experimentally. In 
Part III of the thesis these • additLona 1 aspects werediscussed and in Chapters 
.6 and 7 a theory was developed which takes account of the diode package and 
the reduced height mount used in the locking experiments. During the course 
of this work the package equivalent circuit was discussed and detailed 
• measurements were made on a number of packages to evaluate the package para­
meters. A simple but effective method was developed for determing the 
inductance of packages containing devices actually used in the locking 
experiments. This is useful since most package parameter measurements are 
'carried out using short circuit and open circuit packages, notwithstanding
143
, the fact,that the presence or absence of the diode chip may considerably 
modify the parameters, unless they can be considered to be truly lumped.
The theory developed in Chapters 6 and 7 gives good qualitative 
agreement with the form of typical locked bandwidth/gain curves obtained 
experimentally for injected signal levels of up to 3 dB below the power 
output of the locked’oscillator. What is particularly significant is that, 
by taking account of the detailed design of the diode mount, the theory 
predicts an asymmetry in the locking range about the free running frequency, 
in line with observed behaviour. In this theory it was assumed that the 
diode conductance was frequency independent, and that the diode susceptance 
consisted of a capacitance which itself was independent both of frequency,
over the ranges typically involved in locking experiments, and of r.f.
\
voltage. The author's own measurements of active diode admittance, described 
and discussed in detail in Chapter 8, indicated that these assumptions were 
in fact justified, at least to a first order.
It would appear therefore that in this work at least, the observed 
asymmetrical behaviour may have been a circuit phenomenon rather than an 
effect due to non-linearities within the active diode itself. In general 
the latter possibility is favoured by other workers, notably Hines [9] and 
Hansson and Lundstrom [40], who predict similar behaviour theoretically by 
representing the active diode admittance by a power series expansion. On 
the other hand, however, Kurokawa [5] and Kenyon [39], by considering the 
effects of a multi resonant circuit, have demonstrated that many of the 
complex phenomena associated with the tuning of microwave solid state 
oscillators may be attributed to the peculiarities of the microwave circuit, 
rather than the device. The same argument may well also apply to locking 
behaviour. Clearly, further theoretical and experimental work is needed to 
ascertain whether the observed anomolous effects, of which asymmetry of the 
locking.range is only one example, are caused by the circuit, or by the device.
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■ • , One discrepancy between the theory developed iri Chapters 6 and 7, and
experimental’results, is that the values of locked bandwidth predicted by the 
theory are consistently several times greater than those achieved experi­
mentally. It has been shown by Quine [23] that the presence of harmonics/ 
and in particular the second harmonic, within the diode cavity, can cause a 
substantial reduction in locked bandwidth. All the measurements described in 
this thesis were carried out at the fundamental frequency, and if harmonics 
were in fact present in the experimental cavity, then this could provide an 
additional reason to those already discussed in Chapter 7 for the discrepancy 
in scale between theory and experiment. Certainly any further work should 
investigate this possibility.
In conclusion, it is felt that this research has provided some useful 
insight into the behaviour of Gunn diodes under relatively large signal 
locking conditions, including the mutual synchronisation of two oscillators, 
and has achieved some interesting results. It is clear that further detailed 
study of the large signal locking behaviour will be necessary before a 
complete understanding of many of the effects can be gained, however, it is 
hoped that the work described in this thesis will provide a helpful back­
ground for any such investigation.
t
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APPENDIX
Computer Programme used to Provide Data from which Compliance Curves may be 
Drawn
Standing wave measurements were made of the load admittance (G + jB) 
presented to an oscillator as a function of two load variables, short 
circuit plunger position (X) and precision attenuator setting (A). The 
frequency (F) and power output (P) of the oscillator ware then also measured
as functions of A and X. In order to obtain the compliance coefficients, it
was necessary to plot
(p vs g )|b =o ; <p vs B)|g=i ; (p vs G)|b=o ; (F vs B)I G=I
The Algol programme provided the appropriate values of P, F, G and B
by
(a) fitting curves to the experimental data to obtain relationships 
for
(i) G vs X (Parameter A)
(ii) B vs X (Parameter A)
(ij.i) P vs X (Parameter A) .
and (iv) F vs X (Parameter A)
(b) finding the values of (X, A)j G_^ and (X, A)j from (i) and
(ii) and using these values to find values of B j G_^ ; P j G_^ ;
F | G=1 31,3 G | B=0 ; P | B=0 ; F | B=0 fr°m CUrV6S (ii) ' (ili>
(iv) and (i), (iii), (iv) respectively.
The-printout gives “these values together with tabulated values of the 
original data A> X, G, B, F and P.
14G
1 4 / 1 2 / 5 4
S T A T E M E N T
1 S / 0 9 / 7 0 c o m p i l e d  b y  x a l e  m k .
0 • S E N D T O *  ( E D , s e m i  C O M P L E T E # . 7 X 1 1 )
0 ' WOR K *  < E D # C Q M P W O R K F I L M )
0 ! L I B R A R Y * < E P # P H Y S I . C S  L I B )
0 ' P R O G R A M * ( P 4 0 S )
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